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Abstract
In  the past few years, the collection of positron emission tomography 
(PET) data w ith o u t inter-plane sh ie ld ing has become a w id e ly  accepted 
technique for s ign ificantly increasing the sensitivity o f m u lti-r in g  scanners. 
However, the resultant increase in  the registration of counts due to scattered 
events is undesirable fo r quantitative studies, since it  reduces contrast and 
confounds the linear response of the scanner to activ ity concentration. This 
thesis describes the developm ent, im plem entation and eva luation o f a 
correction for scattered photons based on the simultaneous acquisition of 
emission data in  tw o energy w indows.
In itia l experiments were performed to characterize the d is tribu tion  of 
o f scattered photons in  data collected w ith  a commercial PET brain scanner 
operated w ithou t inter-plane shielding (septa). In  this mode of acquisition, 
termed 3-D, coincidences between all rings of detectors are accepted. This is 
in  contrast to the conventional 2-D acquisition mode, where data is acquired 
w ith  a more restricted range of in ter-ring  combinations.
The fraction of scattered photons under standard operating conditions 
was measured as 35 (±2) % for a line source in  a 20 cm diameter w ater-filled 
cylinder, and the scatter response function found to be shift-variant. A  20% 
gain in  counts from  events that do not scatter in  the object bu t in  the 
detectors themselves was achieved by low ering the energy threshold as far 
as reasonably possible.
The correction developed for scattered photons relies on parameters 
re la ting tw o  energy w indow s w hich  were selected to maxim ize counting 
statistics and m in im ize  spatia l variations. The ra tio  functions fo r the 
selected w indow s were found to be sh ift-invarian t, and showed lit t le  
varia tion  w ith  object size. The parameters were however found to be very 
susceptible to changes in  detector efficiency, showing up to 10% variations 
over time.
The correction was implemented w ith  constant values taken fo r the 
ratio  functions, and integrated in to  the routine reconstruction sequence
w ith  pre-processing steps taken to m inim ize noise propagation.
W hen evaluated in  a range of standard and customized test objects, 
the correction restored contrast in  inactive areas to w ith in  5% o f the true 
value. Relative ac tiv ity  concentrations in  d iffe rent sized phantoms were 
restored to better than 6%. A  means of calibrating the data corrected for 
scattering was im plem ented and quan tifica tion  in  a range o f a c tiv ity  
distributions was accurate to w ith in  7%.
The correction method was tested in  a phantom w hich simulates the 
activ ity  d is tribu tion  in  a human brain. A pp ly ing  the method to human data 
confirmed the potential o f using this method routine ly for quantification i  n 
v iv o .
A  lim ita tio n  of the method for dynam ic scanning was iden tified : 
h ig h  count rate p ile -u p  effects in troduce g lobal spatia l and spectral 
d istortions w hich  are enhanced in  the dual energy w in d o w  correction fo r 
scattering. However, in  m u lti-tim e  frame scanning of test phantoms, the 
correction consistently restored contrast and maintained linearity.
The data acquisition, correction fo r scattering and reconstruction 
regimes that have been developed in  this w ork  have, thus far, a llowed the 
rou tine  collection of several hundred dynam ic ligand studies in  patients 
and norm al volunteers, w h ich  have been analyzed as p a rt o f c lin ica l 
research projects in  a fu lly  quantitative manner.
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1. Introduction.
The use of emission computed tomography to provide images o f the 
three-dim ensional d is tr ib u tio n  and kinetics o f rad ioactive tracers is a 
p o w e rfu l techn ique fo r in ve s tig a tin g  reg iona l tissue p h ys io lo g y , 
pharmacology and biochem istry in  v ivo . Compounds and drugs o f prim e 
interest in  the fields of neurology, psychology, oncology and cardiology can 
be radio-labelled and studied non-invasively in  the human body. In  contrast 
to tracers developed fo r conventional nuclear medicine, most pos itron  
em itters are rad ionuclides o f n a tu ra lly  occurring elements, a llo w in g  
investigations that do no perturb the biological system under study. Positron 
em ittin g  rad ionuclides have re la tive ly  short physical ha lf-lives, w h ich  
resu lt in  low  rad ia tion doses to the subject and perm it repeat studies in  
ind iv idua ls .
The decay o f a rad ionuclide  by positron em ission results in  the 
simultaneous emission o f tw o photons in  opposite directions to each other. 
Detection of these photons in  coincidence localises the line along w hich  the 
annih ila tion  occurred. To iden tify  the actual site o f annih ila tion, data need 
to be acquired between many pairs o f detectors connected in  coincidence 
a round the subject. Com m ercial pos itron  emission tom ography (PET) 
scanners surround the subject w ith  several rings of sc in tilla tion  detectors, 
and coincidence data are acquired w ith in  each detector ring  perpendicular to 
the scanner axis. W ith in  each ring , no physical co llim ation  is required, 
m aking PET scanners much more sensitive instruments than single photon 
detection systems. In  emission tomography, the acquisition data are sorted 
in to  projections at a large num ber o f angles around the object. The 
projection data are then reconstructed into contiguous transaxial images to 
recover the orig inal radionuclide d istribution.
A  number of im portant corrections must nevertheless be applied to 
the PET projection data p rio r to reconstruction in  order to obtain accurate 
representations of tracer concentration (chapter 2):
(i) Detector sensitivities need to be normalized, since in d iv id u a l
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detectors may have d iffe r in g  responses to the same ra d io a c tiv ity  
concentration.
(ii) A t very h igh  tracer concentrations detectors cease to respond 
linea rly  to changes in  concentration and PET data acquired at h igh count 
rates therefore require a deadtime correction.
(iii)  "A cc id e n ta l"  coincidences (also term ed random  events) 
between uncorrelated photons increase the apparent tracer concentration 
and need to be subtracted from  the data set.
(iv) A nn ih ila tion  photons interact w ith  atomic electrons in  tissue 
via  C om pton scattering, w h ich  gives rise to a reduction in  energy and 
change in  direction. Deflection of a photon from  its orig inal line of travel is 
one of the contributions of attenuation along that line. However, depending 
on the solid  angle defined by the tomograph, there is a re la tive ly  h igh  
p ro b a b ility  that a scattered photon w i l l  be detected. The coincidences 
resu lting  from  scattered events make the measurement o f both the true 
a c tiv ity  d is tr ib u tio n  and the m agnitude of attenuation inaccurate. The 
effects of scattering and attenuation must be corrected for in  order to restore 
contrast.
Commercial ring-type PET scanners have tra d itio n a lly  used in te r­
plane shielding, called septa, to confine the acquisition planes to ind iv idua l 
detector rings and so reduce random and scattered coincidences by shielding 
the planes from  out-of-plane contributions. However, the presence of such 
shie ld ing also inh ib its  coincidences between pairs of detectors more than a 
few rings apart. Fu ll volum etric, or three-dimensional (3-D), PET acquisition 
grew out of the m otivation to u tilize  the available annih ila tion photon flu x  
as fu lly  as possible. The inter-plane shielding was removed from  m u lti-r in g  
commercial tomographs to allow  coincidences to be acquired w ith in  any two 
detector rings, greatly increasing the axial acceptance angle. The resultant 
gain in  sensitivity can be capitalized upon in  a number of ways:
i) to produce images of im proved statistical qua lity  fo r the same 
scanning protocols and dose. This has been im portant in  research oriented
2
PET laboratories, where studies that p rev ious ly  required averaging or 
grouping results from  several subjects are now p rov id ing  significant results 
in  single ind iv idua ls . The a b ility  to acquire short tim e frames o f h igh  
statistical qua lity  data allows parametric images of tracer kinetics to be 
generated from  single subject scans where previously statistics and tim e 
resolution were not sufficient to warrant such processing.
ii) to reduce the dose and yet maintain sim ilar statistical quality to 
2-D scanning w ith  septa, either to comply w ith  lower lim its  on permissible 
doses fo r rad ioactive investigations, or to a llow  a greater num ber of 
investigations per subject.
i i i )  to shorten scanning protocols (frequently o f long dura tion  in  
research studies) in  order to m inim ize patient discomfort and movement or 
to im prove throughput in  a busy clinical PET centre.
Because o f the open geom etry required  fo r the acceptance o f 
coincidences w ith in  a ll detector rings, the operation o f a PET scanner 
w ith o u t septa im plies an increase not on ly in  the true, unscattered, event 
rate bu t also in  the detected scattered events. The single photon rate, and 
therefore the deadtime and randoms rate, are also increased fo r a given 
am ount o f rad ioactiv ity . 3-D acquisition imposes a greater log istica l and 
com putational burden w ith  regard to data transfer, storage and processing. 
To make fu ll use of the acquired data, there is a requirement fo r a fu lly  3-D 
reconstruction a lgorithm  w hich includes the data acquired at angles oblique 
to the scanner axis.
M ost of the logistical and technical challenges of 3-D acquisition and 
reconstruction  were addressed sa tis fac to rily  at the tim e o f the f irs t 
investigations of 3-D PET scanning. Some o f them, such as norm alisation 
and attenuation correction w hich had been derived from  data acquired w ith  
septa, are currently being re-addressed in  order to find  alternative methods, 
and elim inate the need for septa entirely in  the next generation of scanners. 
The correction that has been lim itin g  the quantification of 3-D data was, and 
remains, the effect o f scattering. The effect o f coincidences due to scattering,
3
depending on the source and object d is tribu tion , is a complex one. The 
re la tive ly  poor energy reso lu tion o f commercial PET scanners does not 
a llo w  re jection  o f scattered coincidences on the basis o f energy 
discrim ination. Due to the nature and o rig in  o f the events due to scattered 
photons in  3-D PET, a correction for scattering w il l  need to be able to account 
fo r out-of-plane and out-o f-fie ld-of-view  contributions.
In  th is thesis w ork , a correction method for coincidences due to 
scattering for 3-D PET data acquisition was developed, im plem ented and 
evaluated. The specific rem it was to investigate the potentia l o f using dual 
energy w in d o w  acquisition fo r the correction. I t  was anticipated that the 
additional inform ation available in  a second energy w indow  w ou ld  provide 
a measure o f the ou t-o f-fie ld -o f-v iew  contributions. The correction was 
required in  the firs t instance to be applicable to brain scanning w hich has a 
p a rticu la r, restricted geometry. The essential characteriza tion o f the 
scattering response function that needs to be made p rio r to developing a 
correction fo r scattering is described using experim ental measurements 
supported by Monte Carlo simulations (chapter 4). The aim was to devise a 
robust correction that was simple to implement, and d id  not greatly increase 
the large overhead o f 3-D data processing (chapter 5). Issues re la ting to 
acquisition, normalisation, reconstruction were investigated and optim ised 
fo r dual energy w indow  data. The correction for scattering was firs t applied 
to a range of test objects to assess its impact on contrast, un ifo rm ity , noise 
and linearity  (chapter 6). A  simple method for quantify ing the reconstructed 
images was assessed. Comparisons o f consecutive 2-D and 3-D acquisition in  
a b ra in  phantom  and a human subject study were used to illus tra te  the 
performance of the correction in  the head. The applicab ility of the correction 
to human studies that re ly on dynamic acquisition of short time frames was 
explored (chapter 7). Issues re la ting  to data storage and transfer were 
addressed, since the collection of dual energy w indo w  data doubles the 
already considerable 3-D data set sizes. The correction was applied to m u lti­
tim e frame scanning conditions in  phantoms, to test linearity  and accuracy
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at different count rates.
The data acquisition, correction fo r scattering and reconstruction 
regimes that have been developed in  this w ork  have, thus far, a llowed the 
rou tine  collection of several hundred dynam ic ligand studies in  patients 
and norm al volunteers, w h ich  have been analyzed as pa rt o f c lin ica l 
research projects in  a fu lly  quantitative manner.
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2. Theoretical Background and Basic Principles.
2.1 Positron Emission Tom ography Radionuclides.
Carbon, oxygen and nitrogen, along w ith  hydrogen, are the most 
abundant elements in  the human body, occurring in  bio logical tissues and 
physio logical processes. The radionuclides n C, 13N  and 150 do not d iffe r 
fro m  th e ir n a tu ra l components in  chem ical behaviour, and can be 
incorpora ted  in to  organic molecules such as w ater, carbon d iox ide ,
ammonia and more complex compounds, to be used as tracers. N o y-ray-
em itting  isotope of hydrogen exists bu t fluorine may be used as a labelling 
substitu te  in  some analogues of organic molecules. The rad ionuclides 
com m only used in  PET are listed in  table 2.1 w ith  some of the ir physical 
properties (Cho, 1975).
R adionuclide H alf-life
(m inutes)
M axim um  energy 
(M eV)
Range
F W H M
(m m )
F W T M
liC 20.4 0.96 (100%) 1.1 2.2
13N 10.0 1.20 (100%) 1.4 2.8
150 2.0 1.74 (100%) 1.5 3.6
18F 109.7 0.63 (97%) 1.0 1.8
68Ga 67.8 1.90 (89%) 1.7 4.0
82Rb 1.3 3.15 (95%) 1.7 5.8
Table  2.1 H a lf-lives  o f P E T  rad ionuclides, m axim um  energies (and % o f  
mode o f positron decay) and mean range o f positrons in  water.
11C, 13N , 150  and 18F are produced by bom barding stable elements 
w ith  high-energy beams of ion ic particles accelerated in  a cyclotron, a
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process w hich leaves them w ith  an additional proton. The short half-lives 
of these isotopes, advantageous from  a dosimetry po in t o f v iew , im p ly  that 
they need to be produced close to the site o f their eventual adm inistration, 
a lthough i 8F can be d istributed to sites at some distance from  a cyclotron. 
O ther short-lived isotopes that have been used clin ica lly are 68Ga and 82Rb. 
These are generator-produced from  longer-lived parent nucle i and thus 
available also to sites w ithou t access to a cyclotron.
2.2 Positron Decay.
Proton-rich radionuclides have tw o  means of decay that w il l  reduce 
the excess positive charge on the nucleus: electron capture and positron 
decay. Electron capture, where the nucleus captures an orb ita l electron to 
neutralize the positive charge, is dom inant in  radionuclides w ith  re la tive ly 
h igh  atomic number (where orb ita l electrons are closer to the nucleus and 
hence more easily captured). Positron decay, where a positron is em itted 
from  the nucleus, is more like ly  in  the radionuclides w ith  low  atomic 
number. In  both types of decay of the parent (X) the daughter isotope (Y) has 
the same mass number A  but one less proton ( Z - Z -  1) by the conversion of 
a proton into a neutron, w ith  the emission of a neutrino, v:
A A
X + e- -*z ,Y + v
z Electron capture 2.1
' X - z] Y + p ++ v  Positron (p+) decay 2.2
The energy released in  positron decay is shared among the products: 
the em itted positrons have energies ranging from  zero to a m axim um  
characteristic o f the particular radionuclide. Positrons generally travel on ly 
a short distance in  tissue (table 2.1), losing the ir k inetic energy th rough 
collisions w ith  ne ighbouring electrons, and fin a lly  combine (when the ir 
energy is close to zero) w ith  an electron in  an annih ila tion  reaction. The
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energy o f each o f these photons (511 keV) is equivalent to the rest mass 
energy of the electron or positron (moc2), and they are emitted in  opposite 
directions to conserve momentum. Small deviations from  the 180° angle 
are due to the non zero m om entum  of the positron-electron pa ir at the 
tim e of the annih ila tion. Some radionuclides decay by either o f the tw o  
modes. For example, 3% o f 18F nuclei decay by electron capture and 97% by 
positron emission.
The above processes are the tw o fundamental lim itin g  factors fo r the 
accuracy w ith  w hich PET can localise the site o f a positron em itting isotope: 
the fin ite  distance that the positron can travel in  tissue, and the deviation 
from  strict co llinearity between the em itted annih ila tion photons. The firs t 
effect is less than 3 m m  fu ll w id th  ha lf maximum (FW HM) for the isotope 
w ith  highest positron energy used rou tine ly  (lsO) (Phelps, 1975) and the 
second effect results in  a positiona l inaccuracy of approxim ate ly 1 m m  
FW H M  for PET tomographs of diameter 500 mm (Derenzo, 1979). The best 
possible resolution that can be achieved w ith  PET is thus physically lim ited  
to the range of 2 to 3 mm. Since the fo rm  of the resu lting  "b lu rr in g "  
function  can be simulated or measured independently, the resolution loss 
caused by these effects can be recovered to some extent using deconvolution 
techniques (Derenzo, 1986).
2.3 Photon Interactions w ith  Matter.
Photons can interact w ith  matter by a number of processes inc lud ing  
photoelectric  absorption, C om pton and Rayleigh scattering and p a ir 
production. W hich of these processes is dom inant depends on the energy of 
the photons and on the atom ic num ber o f the absorber. For 511 keV 
ann ih ila tion  photons in  tissue, the most like ly  in teraction  is C om pton 
scattering, although as the photons lose energy through this process they are 
more lik e ly  to undergo a larger p ropo rtion  o f Rayleigh scattering and 
photoelectric absorption interactions.
8
2.3.1 Compton scattering.
In  Compton scattering part o f the photon energy is transferred to an 
o rb iting  atomic electron, w ith  the photon being diverted from  its o rig ina l 
path. This interaction is represented in  figure 2.1 and the application of the 
laws o f conservation of m omentum and energy enables an expression fo r
the resultant energy, E , o f the photon to be expressed as a function o f its 
orig inal energy, E0, and its change of direction, 0 (Compton, 1923):
where moc2 is the rest mass energy of the electron. The electron recoils at an 
angle (j) and has energy E - E 0. The case where maxim um  energy, E rmax/ js
transferred to the electron and m in im um  energy, Emin, is retained by the 
photon occurs for 0=180° backscattered events when, from  equation 2.3, Emin 
= 170 lceV, E rmax =  341 keV.
' E ( l-c o s 0 ) 
1 H-------o— —
2.3
Scattered 
^  pho ton
Incident photon
v A A / V W W ^
■>4 ^  Recoil 
electron
F igure  2.1 D iagram  illu s tra t in g  Compton scattering o f a photon.
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The d iffe rentia l cross-section per electron for Compton scattering o f
an inc iden t photon  beam, dea /dD , w h ich  predicts the p ro b a b ility  o f
scattering in  any particular direction, can be expressed by the K le in-N ishina 
equation (Klein, 1929):
( 1 1
2 1 + cos20
( 2 \ 
] + ot (1 -cos0)
v 1 + a ( l -cosG) I 2 J (1+cos20 ) [ l+  a(2-cos0)]
where a  = E0/m 0c2 and r0 is the classical electron radius. The d is tribu tion  is
shown graph ica lly  in  figure  2.2, dem onstrating the strong tendency fo r 
fo rw ard scattering for incident photons of energy 511 keV.
90°
F igu re  2.2 P o lar diagram  o f the d iffe re n tia l cross section per e lectron fo r  
Compton scatte ring  fo r  photons o f energy 100 keV, 511 keV and 10 M eV . 
U n its  o f 1 0 -3 0  m2 sr-i.
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2.3.2 Photoelectric absorption.
Photons w ith  energies in  the keV range are absorbed in  tissue 
p r im a r ily  th ro ugh  the photoelectric process. This in te raction  is also 
dom inant fo r 511 keV photons incident on PET detectors o f h igh atomic 
number (section 2.4). The incident photon transfers a ll o f its energy to an 
inner shell electron, knocking it  out o f its orbit. A fte r ejecting the electron, 
the atom is le ft in  an excited state and fills  the electron vacancy w ith  an 
outer electron, releasing energy either as a characteristic X-ray or as an 
Auger electron.
A n  approx im ation  fo r the photoelectric cross section Gp fo r the 
photon energy E in  the relevant range is given em pirically by:
k z4Gp— 3.5 2.5
E
where Z  is the atomic number of the material and the constant k  = 2.6x10-3° 
m 2 (Knoll, 1979).
2.4 Photon Detection.
The 511 keV annih ila tion photons lend themselves to detection w ith  
h igh  density inorganic sc in tilla tion  detectors. These detectors generally 
comprise inorganic crystals viewed by photom u ltip lie r tubes (PMTs). The 
crystal absorbs the photon energy by either o f the tw o processes described 
above and re-emits i t  as electromagnetic radiation in  the range of v is ib le  
ligh t. The emitted lig h t is detected by the photocathode of the PMT w hich 
converts the lig h t in to  an electrical signal w hich is then am plified  by the 
successive anodes o f the PMT. The am ount o f cu rren t produced is 
proportional to the intensity o f the lig h t incident on the photocathode and 
thus on the am ount o f energy deposited by the rad ia tion  event in  the 
crystal.
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The accuracy of localisation in  PET depends p rim a rily  on the physical 
size and geometry o f the detectors, whereas the detector m ateria l itse lf 
affects the detection efficiency. The basic properties of scintillators used in  
nuclear medicine and PET are summarized in  table 2.2 (Sorenson, 1987; 
Melcher, 1993; Weber, 1993). The detector m aterial used most w id e ly  in  
commercial PET scanners is b ism uth germanate (Bi4GesOi3, or BGO) (Cho, 
1977). BGO is one of the densest scintilla tion crystals, and therefore has good 
stopping power for 511 keV photons, though a large proportion  o f incident 
photons at that energy w il l  undergo scatter in  the crystal (A lkhafaji, 1981). It 
is non-hygroscopic, has a good lig h t y ie ld , but has the disadvantages o f a 
re la tive ly long decay time and low  ligh t output (Hoffman, 1986).
M ateria l N a l(T l) CsF BGO GSO BaF2 LSO
Density 3.67 4.61 7.31 6.71 4.89 7.41
(g cm-3)
Effective A tom ic 50 53 74 59 54 66
N um ber
Scintilla tion Decay 230 2.5 300 60 0.8/620 12/40
Time (ns)
Photon Yield 40 2.5 4.8 6.4 2.0 30
(per keV)
Hygroscopic yes very no no lit t le no
Index of Refraction 1.85 1.48 2.15 1.9 1.56 1.82
Table 2.2 Properties o f some s c in t il la t io n  m ateria ls used in  P E T  and  
SPECT.
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Crystal Photom ultip ler Tubes
F ig u re  2.3 D iagram  illu s tra tin g  a photon incident on a detector block viewed 
by an array o f PMTs.
Most current commercial PET scanners u tilize  block detectors (Casey, 
1986). These comprise a block of crystal cut into an array of discrete detectors, 
viewed by an array of PMTs (figure 2.3). Because of the high refractive index 
of BGO (table 2.2), the collection of ligh t from  the crystal to the PMT must be 
ca re fu lly  optim ised to obta in good energy resolution. The in d iv id u a l 
detectors are cut as small as possible since the spatial resolution of a PET 
system depends p rim a rily  on the ir size, and the depth o f the detectors 
should be suffic ient to stop the m a jo rity  of photons inc ident on them. 
State-of-the-art detectors elements used in  commercial systems are of the 
order of 4 mm x 4 mm and have a depth of 30 mm. The small dimensions 
of in d iv id u a l detector elements relative to com m ercially available PMTs 
prevents each detector being viewed by a single PMT (the ratio o f detector to 
PMT in  commercial systems is o f the order of 16:1). Localisation o f the 
crystal of interaction is therefore made by positioning logic sim ilar to Anger 
logic (Anger, 1958), where the in d iv id u a l responses o f the PMTs are 
compared (Murayama, 1982; Dahlbom, 1988; Holte, 1989).
2.5 Coincidence Detection o f A n n ih ila tio n  Radiation.
The external detection and spatial localisation of a positron em itter 
inside an object takes advantage of the fact that annih ila tion  photons are 
created sim ultaneously and are em itted in  opposite directions. Radiation
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detectors placed on either side of the object and joined in  a coincidence 
c ircu it can determine that an annih ila tion event occurred somewhere along 
the volum e jo in ing  the two detectors (termed a line of response, LOR), i f  
the tw o  photons are unscattered (figu re  2.4.A). This establishes an 
"electronic" collim ation, as opposed to the heavy-metal co llim ation  that is 
used when detecting single-photon events in a gamma camera. By reducing
Figure 2.4 D iagram  il lu s t ra t in g  the lines o f response defined by two  
opposing detectors and the three types o f coincidence events: A  - true, B - 
random and C - due to scattered photons.
the need for collimators, coincidence detection in PET leads to much higher 
sensitiv ity than single photon imaging. The number of annih ila tion events
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w ith in  each LOR, and hence counts recorded w ith in  tha t LOR, is 
proportional to the sum of the tracer concentration along it.
A n n ih ila t io n  coincidence detection  p rovides dep th -independen t 
sens itiv ity  fo r a source of a c tiv ity  in  an object. The constant counting  
sensitiv ity results from  the fact that at d ifferent depths the solid angle to one 
detector increases, w h ile  the solid angle to the other decreases (Brownell, 
1958).
Due to the fin ite  time response of the detection system, a time w in d o w  
t o f the order o f lO 8 s is set to a llow  the detection o f true coincidences. 
Accidental or random coincidences are also detected w ith in  the coincidence 
tim e w indow , when single photons from  tw o unrelated annih ila tion  events 
are inc ident on the coincidence detectors (figure 2.4.B). These unwanted 
events introduce a random background w hich  has to be removed from  the
data set (Hoffman, 1981). The randoms rate for a detector pa ir is given by:
91 = 2t R1R 2 2.6
where R i and R2 are the singles count rate of the detectors. I f  the w id th  of 
the tim in g  signal is too small, va lid  coincidence events w il l  be lost. I f  the 
w id th  is too large, the num ber o f randoms w il l  increase w ith o u t any 
increase in  the number of the coincidence events (Bohm, 1986). O nly w ith  a 
detector that has a shorter decay tim e can the coincidence tim e w ind ow  be 
reduced w ith o u t loss of va lid  counts. Since the single event rate o f each 
detector can be measured, the randoms rate can be calculated from  equation
2.6 (Brooks, 1980).
The randoms rate can be m onitored d irectly by counting coincidences 
in  tim e w indow s delayed relative to one another (Dyson, 1960; W illiam s, 
1979). The delay is o f the order of 10-7 s, w hich is large enough to ensure 
than gamma rays from  the same ann ih ila tion  could not be recorded and 
therefore the coincidence m ust be a random  one. The random  rate 
measured in  th is w ay is then subtracted from  the p rim a ry  coincidence 
w in d o w  w ith  the assumption that i t  is equal to the rate recorded in  the 
p rim a ry  coincidence w indow . W hen three or more photons are registered
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s im u ltaneous ly  (a m u ltip le  event), the coincidence count cannot be 
allocated to a single LOR, and these events are rejected.
As was m entioned in  section 2.3, ann ih ila tion  photons undergo 
interactions in  materials and can be deviated from  their orig ina l path. This 
leads to another type o f unwanted event that can be recorded w ith in  the 
time w indow : the coincidence due to scattered photons. In  this case, one or 
bo th  photons from  an ann ih ila tio n  occurring outside the LOR under 
consideration are scattered and recorded simultaneously, bu t are therefore 
erroneously located w ith in  the LOR by the coincidence c ircu it (figure 2.4.c). 
This type of event clearly impairs the linear response to the activ ity  viewed 
in  the LOR and since scattered events are recorded as true coincidences, their 
removal cannot be effected by d iffe rentia l tim ing. Scattering can also occur 
in  the detectors themselves. Some form  o f post-acquisition processing is 
required to remove the scattering component o f the acquired data and this 
forms the central topic o f this study.
2.6 Tomographic A cqu is ition  and Scanner Design.
The a b il ity  o f a n n ih ila tio n  coincidence de tection  to loca lise  
rad ionuclide  concentration is restricted to the line connecting the tw o  
detectors, and there is no localisation o f activ ity  along the line. W ith  tim e- 
o f- flig h t in fo rm a tion  the tim e difference between the tw o signals o f the 
coincidence detectors is used to locate the position of the annih ila tion event 
(A llem and, 1980; M u llan i, 1980) and th is could in  p rinc ip le  elim inate the 
need fo r image reconstruction. The tim ing  accuracy of these systems, w hich 
re ly  on faster crystals than BGO, such as caesium fluoride  (CsF) or barium  
fluoride  (BaF2) (table 2.2), are of the order of 0.3 to 0.6 ns, and the localisation 
along an LOR is lim ited to > 50 mm.
In  PET, it  is necessary to obtain measurements from  a num ber of 
directions to determ ine the three-dimensional isotope d is tribu tion . This is 
achieved by surrounding the object by arrays of detectors and enabling the 
acquisition of m u ltip le  line integrals at the same time (figure 2.5). The set of
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AF igu re  2.5 Schematic illu s tra tio n  o f projections o f an object in  a detector 
r in g  and the ir re lationship to a sinogram.
line integrals intersecting the tracer d istribu tion  at the same angle is termed 
a para lle l pro jection and a positron tom ograph produces a num ber of 
parallel projections at d ifferent angles. The projections are sorted, generally 
in  real time during  acquisition, and stored in  an array called a sinogram, 
w hich is a convenient way of storing LORs by grouping them into sets of 
parallel projections.
2.6.1 A  re v ie w  o f  scanner design and 2 -D  a cq u is it io n .
The firs t PET scanners constructed in  research institu tions consisted of 
rings of discrete detectors arranged as hexagonal arrays (Phelps, 1975; Ter- 
Pogossian, 1975), or opposing banks o f detectors (Burnham , 1973; 
M uehllehner, 1976; Brownell, 1977) and either produced planar images or 
needed rotation or translation to obtain adequate samples of the object fo r a 
reconstruction. Most of these early systems were m odified configurations of 
detector units used for single photon detection (Burnham, 1970; Derenzo, 
1979). Later designs were based on single rings of detectors (Cho, 1977; Bohm,
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1978; Nahmias, 1982; Burnham, 1983) and images were reconstructed using  
filtered backprojection (section 2.7.1). The first commercial PET scanners 
(Phelps, 1978; Derenzo, 1979) only acquired data in a single slice through the 
object. Subsequent commercial scanners were m ulti-slice system s (Ter- 
Pogossian, 1978; Williams, 1979; Takami, 1983; Okajima, 1985), and soon  
manufacturers were building scanners with greater number of rings (Litton, 
1984; Spinks, 1988; Litton, 1990; Mullani, 1990) to increase the axial FOV and 
allow  w hole organs to be scanned at once. Scanners based on multi-wire 
chambers (Bateman, 1980; Jeavons, 1980) have not been able to match the 
performance of the scanners based on rings of small scintillation detectors 
(Thom pson, 1979; Derenzo, 1987; Batchelor, 1992), due to their lower  
intrinsic sensitivity and poor count rate capability.
With few exceptions therefore, the majority of PET scanners in clinical 
operation today comprise multiple stationary rings of small BGO detectors. 
The current generation of commercial PET scanners are m ostly of the ring 
design (Wienhard, 1992; DeGrado, 1994) and comprise an ever-increasing 
number of detector rings in order to increase sensitivity and provide a 
longer axial FOV. Several system s w ith tim e-of-fight are also in use  
(Lewellen, 1988; Mazoyer, 1990). Together w ith the requirement for an 
on-site cyclotron, the com plexity and cost of PET scanners explains the 
relatively small number of PET centres found worlwide (~150). Cost and 
com plexity are also the major reasons for ambitious designs such as 
spherical tomographs not being realised (Cho, 1984).
Low cost system s are being developed  to bring PET to sites 
unsupported by large amounts of funds. These are of the rotating partial- 
ring design (Townsend, 1993; Townsend, 1994) or multi-wire chambers, and 
without an on-site cyclotron these are dependent on supply of radioisotopes 
from larger PET facilities. Small geometry systems for animal studies are 
also being developed at several research sites (Cho, 1990; Rajeswaran, 1991; 
Cutler, 1992; Tavernier, 1992).
Conventionally, interplane shielding consisting of lead or tungsten  
plates (called septa) is used to limit the acceptance of scattered and random
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co incidences in m ulti-ring scanners (D erenzo, 1980). In this w ay, 
coincidences are accepted only between detectors within a given ring or 
closely adjacent ring and images reconstructed as a stack of 2-D sections 
through the 3-D tracer distribution. Low order cross-planes are usually  
included to increase the sensitivity (figure 2.6.a). Nonetheless, in clinical 
studies, the statistical quality of the data collected is not usually sufficient to
b) 3-D acquisition mode
Figure 2.6 Schematic illustrating the acquisition of a) 2-D data and b) 3-D  data 
in a m ulti-r ing  scanner.
warrant reconstruction with a high resolution filter to achieve the intrinsic 
resolution obtainable with these scanners. This led the PET group at the 
Medical Research Council Cyclotron Unit to investigate the feasibility of 
increasing the sensitivity of their Siem ens/CTI 931 PET scanner in 1988 
(Townsend, 1989) by removal of the septa.
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2.6.2 High sensitivity 3-D acquisition.
Although the lead septa serve to reduce both the singles rate (and 
hence randoms rate) and the detection of scattered photons, they also reduce 
the true coincidence rate. By removing the septa and acquiring data between  
all pairs of rings (figure 2.6.b), full use is made of the detector material and 
electronic circuitry of the scanner. The increase in sensitivity, reflected in 
the quality of the reconstructed images, is primarily due to the increased 
num ber of lines of response, but also due to the rem oval of septal 
shadow ing. The number of extra LORs that arise w hen the septa are 
rem oved are a maximum at the centre of the axial FOV, decreasing to zero 
at the edges. In fact the planes axially distant from the centre may experience 
a decrease in signal-to-noise w hen the septa are rem oved because the 
increase in scatter (and randoms) actually exceeds the increase in true 
coincidences.
The imm ediate challenges of the 3-D acquisition m ode are that the 
acquisition system must handle much higher data rates, typically up to 0.5 
M Hz, and that acquisition data sets are greatly increased in size. More 
importantly, to make use of all the acquired data, scanning in 3-D m ode w ill 
require a reconstruction algorithm that takes account of the angle that the 
acquisition plane makes with the axis of the tomograph (section 2.7.2).
2.7 Image Reconstruction.
2.7.1 2 -D  reconstruction .
The 1-D parallel projections collected at different angles around an 
object can be considered as a set of equations, the solutions to which give the 
unknown 2-D activity distribution. The mathematical method underlying  
this approach was first published by Radon in 1917. The Fourier-based 
filtered baclcprejection is the most commonly used reconstruction algorithm  
in PET and originates from work in a number of fields including radio
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astronomy (Bracewell, 1967) and electron microscopy (Ramachandran, 1971).
For a single transverse slice through an object, the tracer distribution 
can be represented as a two-dimensional function f(x,y) (figure 2.7). The 1-D
projection elem ents p(s,(|)) measured at angles (j) around the object are
related to the function by a line integral:
where x = s cos(j> -  t sincj) and y = s sin(j) + 1 cos(j), and t is the integration variable 
orthogonal to s.
The first step in the reconstruction is a convolution or filtering step 
where each projection p(s,({)) at a given angle <|> is convolved with a function 
h(s) to yield a modified projection pF(s,<|)), where:
and the kernel h is the inverse Fourier transform of the ramp function. In 
this way, the "1/r" blurring function that results from the superposition of 
projections in simple backprojection is eliminated (r refers to the distance 
from a source). More w eight is given by the ramp function to the higher
p(s,<j>) = Jf(x,y)dt,i+ 2.7
pF(s,<|>) = Jds' p(s',<|>) h (s-s ') 2.8
f(x,y)
, y
t
Figure 2.7 Diagram of a 1-D parallel projection of a 2-D  section.
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frequencies or smaller structures in the data, and in practice, it is necessary 
to limit the high-frequency behaviour of the ramp function by m ultiplying  
by a low -pass w indow  function. The convolution m ay be equivalently  
performed in Fourier space where the convolution operation simplifies to a 
m ultiplication, and the Fourier transform of the convolving function is 
called a filter.
The reconstruction fR(x,y) of the tracer function f(x,y) is formed from  
the filtered projections by redistributing the filtered projection value  
pF=(s,cj>) uniformly along the straight line (s,(|)):
TC
fR(x,y)= Jd<|>pF(s,<|>)
0 2.9
where s = x cos(j) + y sirnj). This operation is called backprojection since it is 
the reverse of the projection process, the value of fR(x,y) at the point (x,y)
being obtained by summing the contributions from all lines (s,cj)) that pass 
through the point (x,y).
In practice the sinograms are sampled at discrete points and the filtered 
backprojection algorithm must be discretized appropriately to reconstuct an 
im age from the available samples, w hose separation is termed the linear 
sam pling distance. To recover spatial frequencies up to a m axim um  
frequency of vmax (the Nyquist frequency), a linear sampling distance of d <
l / ( 2 v max) is required. This m eans that the highest spatial frequency  
com ponent to be recovered from the data must be sam pled at least two 
points per cycle. Put in terms of the FWHM detector resolution, this requires 
a sample distance < FW HM /3 (Mueller, 1986). Projection data are obtained 
only at a finite number of angular sampling intervals around the object. The 
angular sampling at the periphery of the FOV should be at approximately 
the same interval as the linear sampling distance. Thus, if projections are 
acquired around a field of view  of diameter D, the number of angular view s  
taken should be approximately ~ n D /2 d .
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2.7.2 3-D reconstruction.
In a fully 3-D acquisition the reconstruction problem is to recover the 
3-D tracer distribution f(x,y,z) from a set of integrals in three dim ensions, 
p(s,t,((),0) (figure 2.8).
3-D reconstruction algorithms for PET were originally developed for 
stationary, planar position-sensitive detectors (Chu, 1977; Schorr, 1981) and 
more recently for rotating planar detectors and multi-ring scanners like the 
931 PET scanner (Townsend, 1989). The reconstruction algorithm m ost 
w idely applied to 3-D PET data acquired on multi-slice scanners is based on 
an extension of the filtered-backprojection approach to three dim ensions 
(Kinahan, 1989).
The filtered backprojection algorithm s are constrained by the 
requirem ent of a shift-invariant point spread function. The truncated  
cylindrical geometry of the multi-ring scanners results in 2-D projections at
Figure 2.8 Diagram showing a 2-D  parallel projection of a 3-D  volume.
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oblique angles being only partially measured (figure 2.9), and this leads to a 
spatially-variant response function. The oblique angle data cannot be 
rejected, since if all projections in a 3-D measurement which violate the 
above condition were rejected, no additional data to the 2-D set w ould be 
obtained.
An early approach to overcome this problem has been to incorporate 
projections w ith  increasing detector ring differences (D efrise, 1988; 
Townsend, 1989), applying different filters to each set. More recently, an 
approach w as taken where an initial low  statistics estimate of the tracer 
distribution is forward projected to com plete the truncated projections 
(Townsend, 1991). This estimate is based on 2-D reconstructions of the 
conventional set of slices which are then stacked to give a 3-D volum e. The 
unmeasured LORs are obtained by forward projection through this volum e. 
Each complete 2-D projection is filtered (Colsher, 1980) and baclcprojected 
through the 3-D image volum e (Defrise, 1990).
An alternative approach to reconstructing 3-D data sets is the single­
slice rebinning (SSRB) method (Daube-Witherspoon, 1987) which uses 2-D
Measured Projection 
Unmeasured Projection
Figure 2.9 Diagram illustrating the truncation of 2-D  projections w ith  a ring  
difference of 8.
backprojection of oblique projections into the transaxial image plane that 
bisects the projection. This sim plifies and accelerates the reconstruction 
process considerably but can introduce distortions in the point spread
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function. A more sophisticated approach is the m ulti-slice rebinning  
method (Lewitt, 1991), in which the blurring of the point-spread function is 
rem oved by a post-reconstruction filtering operation. For som e scanner and 
object geom etries these approaches are a good com prom ise betw een  
sensitivity, speed, and accuracy.
2.8 Quantification.
2.8.1 N o r m a l i s a t io n .
Before the collected em ission data are reconstructed, they m ust be 
normalised to correct for non-uniformities in detector response. O wing to 
differences betw een  detectors and their associated electronics, the 
coincidence sensitivity varies from detector pair to detector pair. Slight 
differences in PMT and amplifier gains and their baseline settings also 
contribute to the non-uniformity, and these are subject to change with time. 
In addition, geometric effects due to the curvature of the detector ring must 
be taken into account since they w ill introduce geometric distortions in the 
image. With the detectors organised in a ring, the sensitivity of a LOR w ill 
depend on its distance from the radial centre.
The normalisation factors used to correct emission data from a m ulti­
ring PET camera are obtained by exposing all detectors to the same source of 
activity for the same period of time. The source is generally a uniform plane 
of activity scanned at a number of different positions, one or more rotating 
rods, or a uniform  cylindrical phantom . Two approaches have been  
developed: m ethods that directly measure the sensitivity of detector pairs 
(Bergstrom, 1982; Hoffman, 1989), and methods based on the assum ption  
that the sensitivity of a pair of detectors for coincidence counts betw een  
them is equal to the product of the tw o individual detector sensitivities 
(Chesler, 1990). The first method is limited by the statistics of counts in the 
scan: in order to determine the normalisation factors w ith an accuracy of 
5%, an average of 400 coincidences must be acquired in each LOR. Suitable
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averaging processing, performed on the detector efficiency data, can reduce 
the statistical noise (Casey, 1986). The advantage of the second method is 
that, for the calibration measurement, the number of coincidence counts 
required to achieve a given degree of statistical precision is greatly reduced 
because the number of unknowns is equal to the number of detectors, 
instead of the number of detector pairs.
For 3-D data especially, the time required to acquire sufficient counts in 
each LOR becomes impractical and the second method of normalisation is 
preferred (Defrise, 1991). A variance-reducing method such as mentioned  
above, which utilises a 2-D blank acquisition to derive detector efficiencies 
and geometrical factors, has been applied successfully to 3-D data. The 
disadvantage is that the method w ill not correctly estim ate system atic 
pair-wise variations in sensitivities, for example due to tim ing delays or 
geom etric effects. For this reason, alternative m ethods of m easuring  
accurately the efficiency of each LOR are still being devised in order to 
optimise the normalisation for 3-D scanning.
2.8.2 D e a d t im e  correction .
Detector deadtim e, a problem com m on to all radiation detection  
system s, is a further factor which must be taken into account if quantitative 
measurements are to be made (Germano, 1988). When a photon interacts 
w ith a detector, the production and collection of scintillation light and 
conversion to an electric pulse takes a finite time. During this time, another 
photon interacting in the detector is ignored. The fraction of events that are 
lost in this w ay w ill rise as the activity increases. If the time of pulse  
processing, the dead time per pulse, is known and constant w ith count rate 
(non-paralyzable system) the count losses can be directly calculated (Faraci, 
1979). In practice, detection systems have non-paralyzable and paralyzable 
components. In the latter, the dead time per pulse increases with increasing 
count rate because, although interactions occurring during the 'dead' time 
are not counted, they have the effect of lengthening the deadtim e.
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Eventually the system can be truly paralyzed and records no counts. Count 
losses for individual elements of the PET scanners have been m odelled to 
correct for deadtime (Holmes, 1983; Mazoyer, 1985).
At high count rates, event "pile-up" can occur, w hen 2 or more 
photons strike a detector w ithin its electronic integration time (Germano, 
1990). This causes events to be m ispositioned towards the centre of a block 
and leads to distortions in the energy spectrum (Knoop, 1989), resulting in 
loss of resolution and contrast in the image.
2.8.3 Sca tter in g , a t te n u a t io n  and  a t te n u a t io n  correction.
Some of the photons emitted from annihilation events w ithin a given  
LOR w ill not reach the corresponding detectors, as indicated in section 2.3. 
In most cases for 511 keV photons in tissue, they w ill be removed from the 
LOR by Compton scattering w ith change of energy and direction. A small 
fraction w ill be tota lly  absorbed due to photoelectric absorption. 
C onsequently, along the LOR, fewer photons are m easured than are 
originally em itted and this is termed attenuation. The attenuation of a 
source at the centre of a head is normally greater than 5-fold and larger than 
this in the body and so accurate attenuation correction is essential to 
quantify the local tracer concentration (Huang, 1979; Hoffman, 1986). If there 
are only two detectors in coincidence (figure 2.10), the attenuation of a point 
source along their LOR can be described by a simple exponential expression 
and this is termed narrow beam attenuation.
If the linear attenuation coefficient p is constant, the probability that the two 
photons w ill be transmitted through the object is given by:
p  =  e"Ma e~Kb _  e~n(a+b) 2.10
= e -4D
where a and b are the distances from the source to the edge of the object for 
photons A and B respectively and D is the thickness of the object. The 
attenuation  of the ann ih ilation  coincidence ph otons is therefore
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Figure 2.10 Diagram illustrating the geometry of a point source between two  
detec tors .
independent of the position of the annihilation point between the detectors, 
since the two 511 keV photons w ill always traverse the same total thickness 
of the object (a + b = D in figure 2.10). Therefore absolute sensitivity can be 
calculated if the total thickness and the linear attenuation coefficient of the 
material traversed are known.
However, w ith a distributed source and array of detectors, photons 
scattered out of one LOR might be detected in another, and the narrow beam  
attenuation factor is no longer strictly appropriate. It is then that correction 
for attenuation and scattering (in both em ission and transmission data) is 
needed. Correction for scattering w ill be described in detail in chapter 5.
Correction for attenuation can be made by either calculation or direct 
measurement. If the object is of known simple geometry and the value of
the average linear attenuation coefficient |± is known, the attenuation
correction is easily calculated. The value of each LOR is m ultiplied by e4x, 
where x is the thickness of the object between the detector pairs (Huang, 
1981; Bergstrom, 1982; Siegel, 1992). Alternatively, the measurement of the 
attenuation factors is made by placing an external source of positron emitter, 
usually a ring or rotating rods of 68Ge, in front of the detectors, and 
measuring all lines of response with and without the object present. These 
scans are called a transmission scan and blank scan respectively and the ratio
D
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of the two measurements provides the attenuation factor. The transmission 
scan m ust have collected sufficient statistics to avoid degradation of the 
em ission scan (Huang, 1981; Dahlbom, 1987). A third (hybrid) method, uses 
a short transmission scan to define the regions in which the attenuation 
coefficient is considered to be constant. A calculated map is then generated 
by segm entation . This shortens the tim e necessary to perform  the 
transmission scan and improves the accuracy of the em ission scan since it 
does not introduce additional statistical noise (Xu, 1991; Meikle, 1993).
Acquiring a sufficiently high statistics, 3-D transmission measurement 
w ith  low  activity sources to lim it system  deadtim e w ou ld  require 
prohibitively long acquisition times for patient studies. This problem has 
been circumvented in scanners w ith retractable septa: by acquiring a 2-D 
transm ission scan w ith  the septa in the field of view . A set of 2-D  
attenuation maps is generated, and forward projected to obtain a full set of 
3-D attenuation sinograms. As manufacturers start to construct scanners 
w ithout any septa, different schemes to collect 3-D transmission data are 
being developed (McKee, 1994). Single photon transmission measurements 
have shown promise of providing rapid, high statistical attenuation data for 
3-D acquisitions (DeKemp, 1994).
2.8.4 C alibration .
Since a PET system w ill detect only a fraction of the emitted photons 
from a source, it is necessary to calibrate the sensitivity of the system if the 
absolute radioactivity concentration is required. The usual m ethod of 
calibration requires the measurement of a positron emitting source by the 
PET scanner, usually as a uniform solution of activity in a large cylinder. A  
region of interest (ROI) is calculated on reconstructed images of the cylinder 
to determine the counts per pixel per second. The amount of activity in an 
aliquot of the solution is measured with a calibrated radiation detector such 
as a w ell counter. This w ill give the efficiency of the system  in terms of 
activity per unit volum e or concentration (counts pixel-1 s-1 m l-1). The
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reconstructed images are scaled by this calibration factor and converted to 
units of absolute activity concentration (counts pixel-1 s-1 Bq-1). Often, 
however, w hen only relative measurements are required, it is sufficient to 
ensure that the regional response to activity concentration over the image is 
linear.
D is c u s s io n .
In this chapter, the theoretical basis of PET has been reviewed. Though 
PET has been show n to be, in principle, a sensitive and quantitative 
technique for im aging radionuclides in v ivo ,  large am ounts of p o st­
acquisition processing and several corrections have to be applied to the data 
for this to be achieved. This emphasizes the complex and challenging nature 
of performing quantitative PET studies and explains, in part, w hy PET is still 
often used only as a qualitative imaging method.
Corrections for physical effects such as detector deadtim e, random  
events, scattered and attenuated photons, and normalisation for variation 
in detector efficiencies need to be performed to obtain fully quantitative 
im ages. For 3-D acquisition w ithout inter-plane septa, each of these  
corrections needs careful re-evaluation. The w ay in w hich the various 
corrections have been applied to data collected for this thesis work w ill be 
described in the next chapter, and the design, and performance charateristics 
of the scanner used in this study summarized.
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3. Scanner Description an d Experimental Methods.
3.1 Description of Scanner.
The m easurem ents presented in the fo llow ing  chapters w ere  
perform ed on a positron tom ograph (ECAT m odel 953B, CTI/Siem ens, 
Innovation Drive, Knoxville, Tenn., USA) installed in January 1990 at the 
M edical Research C ouncil C yclotron U nit (MRCCU), H am m ersm ith  
Hospital, London. On installation, this scanner was a prototype design for 
the new  generation of multi-ring PET scanners with retractable septa. The 
scanner is a dedicated brain tomograph and has several additional features 
over its predecessor (ECAT m odel 931 (Spinks, 1988)). In this chapter, a 
physical description of the scanner w ill be given (Mazoyer, 1990) and its 
performance characteristics reviewed. The methods of preparing test objects, 
acquiring and analyzing data for the work presented in this thesis w ill be 
described.
3.1.1 P h y s ic a l  descrip tion .
The basic detector unit of the 953B scanner is a block of BGO which is 
cut into an 8x8 array of crystal elements (figure 2.3). Each of the 64 elements 
in a block has dim ensions 5.62 mm (transaxial w idth), 6.11 mm (axial 
width) and 30 mm (radial depth). Each detector block is view ed by four (25.4 
m m )2 Hamamatsu photomultiplier tubes. The cuts in the block are made to 
different depths to control the quantity of scintillation light reaching the 
PMTs. The detector blocks are arranged in rings which have a diameter of 
765 mm between detector faces (figure 3.1a). Each ring therefore consists of 
48 blocks, and these are assembled into sector-shaped 'buckets7 of 4 blocks. 
There are two such rings of blocks in the 953B, resulting in an axial 
tom ograph w idth  of 106.5 mm  and 16 detector rings each w ith  384 
individual elements (a total of 6144).
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Emission
with S e p t a
Figure 3.1(a) Diagram illustra ting  axial and transaxial sections o f  the 953B  
scanner geom etry  with septa extended into the FOV.
Emission
without S e p t a
Figure 3.1(b) Diagram illustrating axial and transaxial sections of the 953B 
scanner geometry with septa retracted out of the FOV.
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The transmission source consists of 3 68Ge rod sources (of maximum  
activity ~ 100 MBq each) that are brought out of their lead container at the 
back of the scanner using a motorized system. During transmission and 
blank data acquisition, the rods rotate on a 440 mm circular orbit at 5 rpm. 
The 15 inter-ring septa are tungsten annuli of radial length 77  mm and axial 
w idth 1 mm. Their m otorized extension into, and retraction from (figure 
3.1b), the field of view  is accomplished by push-button or software control 
and takes 120 s. Lead side shields cover the front and back of the scanner to 
lim it radiation from outside the scanner field of view. With gantry covers 
in place, the patient port is limited to a diameter of 360 mm. Three lasers are 
used to facilitate patient positioning and the entire gantry can be rotated and 
tilted to facilitate patient alignment.
3.1.2 E v e n t  process ing .
When a detector absorbs a photon, the signals from the four PMTs 
view ing  a crystal block pass through fast amplifiers and are sum m ed, 
providing a timing signal to the constant fraction discriminator (CFD). The 
time of an event is encoded into a 4 ns bin relative to a master signal 
provided by an oscillator common to the entire gantry (256 ns interval). In 
parallel w ith  the event time determination, analogue signal processing  
combines and integrates the four PMT signals to form an energy signal and 
row and colum n ratios that are digitized by flash analogue to digital 
converters (ADCs). A random access memory (RAM) look-up table (LUT) 
converts these ratios to the crystal position (Moyers, 1990). The crystal 
position and digitized energy information is fed into a second LUT w hich  
contains the energy response of each of the crystals for energy qualification. 
The energy LUT is derived from a set of spectra recorded for each detector 
during a scanner calibration set-up. If the event m eets the energy  
requirement, it w ill be transmitted as a 16-bit word to the coincidence 
processor for coincidence detection (Dent, 1986).
The CFD is also im portant in controlling the detection  and
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registration of events. In addition to providing an early and accurate 
indication of the time of an event, the level of the CFD controls whether the 
event w ill be considered for pulse-height discrimination. In general, its 
position is slightly below  the lower pulse-height discriminator and just 
above the noise to provide an optimum balance betw een accurate tim ing 
and deadtime. A detailed investigation of the effect of CFD settings on the 
performance of an individual block detector has been m ade on another 
C TI/Siem ens detector m odule (713 Animal Tomograph) (Cutler, 1994). It 
w as found that the sensitiv ity  could be im proved by 16% (intrinsic 
resolution improved by 10%) by optimising the CFD settings and adjusting 
the energy look-up table.
Each bucket is polled for output every 256 ns. W hen an event is 
detected in a bucket, an event in the opposing buckets is sought w ithin a 
time interval from 4 ns before the primary event to 4 ns after it. The time 
resolution of an event is 4 ns yielding a coincidence time w indow  of 12 ns.
All coincidences recorded betw een opposing detectors during the 
coincidence time w indow  are termed "prompt" coincidences. The prompts 
include true coincidences and random  coincidences. Random s are 
determ ined by the use of a delayed time w indow  (see section 2.5). The 
m ultiple events, which result from 3 or more singles occuring w ithin the 
the 12 ns w indow , are rejected, but their rate is monitored and used in the 
calculation of deadtime.
Valid coincidence signals from the detectors are passed from the 
image plane coincidence processors to the real-time sorter (RTS), the special- 
purpose hardware which sorts, in real-time, the LORs into their correct 
positions in the appropriate sinogram (Jones, 1986). The 953B scanner 
configuration has 128 Mbytes of RTS memory.
At the end of an acquisition frame, the sinogram is transferred under 
the control of the Advanced Computational System (ACS) to a SCSI disk  
residing on the local VME bus. An array processor for image reconstruction 
also resides in the VME bus, and control of all tasks on the ACS system  is 
accom plished by a 68020 m icroprocessor. A spare w orkstation (Sun
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Microsystems, Mountain View, Ca, USA) on the Ethernet provides a means 
of communication with the ACS, and also serves as a processing, display 
and analysis station.
3.2 Data Acquisition and Data Processing.
The angular sampling of the scanner is defined by the number of 
projections stored in a sinogram for each plane. In the standard acquisition 
this number is 192 resulting in an angular sampling of 0.94°. This sampling 
requirem ent is som etim es relaxed, either to reduce data set size or 
computational time, in an operation called "mashing" where two or more 
projections are averaged (figure 3.2). Each full-size projection consists of 160 
bins, resulting in a sinogram sample distance of 3.1 mm and a nominal FOV 
w idth of 500 mm. Again, to reduce data set size, the number of bins can be 
reduced, in an operation called "trimming" where data at the edges of the 
projections (outside the object) are discarded, or averaged over a number of 
bins.
160 x 192 128 x 192
full size trim m ed
F igure  3.2 Illustration of the data reduction techniques o f  "m ash ing" and  
"tr im m in g" on a standard size 953B sinogram.
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3.2.1 Acquisition.
All possible sinograms formed between any pair of detector rings for 
the 953B scanner are illustrated in figure 3.3. The two axes of the diagram  
show  the detector ring index (1-16) and each element of the array represents 
the sinogram  formed by taking tw o indexed rings in coincidence. The 
central elem ents, running diagonally from top left to bottom  right, 
represent sinograms w ith ring difference 0, ie. ring 1 on ring 1, ring 2 on 
ring 2, etc. Elements along the other major diagonal have increasing ring 
difference, until only two combinations are possible for the maximum ring 
difference of 15, ie. ring 1 on ring 16, and ring 16 on ring 1.
In the 2-D m ode of acquisition, coincidences are acquired (i) w ithin  
each ring and (ii) between each ring and the 3 nearest-neighbouring rings 
giving a total of 100 inter-ring combinations, and these are shown in white 
in figure 3.3. The 16 direct planes are obtained by averaging ring index  
differences of 0 and ± 2 (44 combinations), and the 15 cross planes are
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ring index
Figure 3.3 R ing  indexed array showing subset of sinograms used in 2 -D  
acquisition (white) and additional singrams acquired in 3D  (black).
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obtained by averaging ring index differences of ± 1 and ± 3 (56 
combinations). 31 transaxial acquisition planes are thus obtained w ith plane 
separation 3.4 mm. The data set size for a 2-D acquisition sinogram is 1.9 
Mbyte.
With septa retracted, all 256 (16x16) inter-ring com binations are 
acquired (up to the m axim um  ring-difference of 15). Each of these  
acquisition planes is stored separately, and the data set size is 16 Mbytes. A 
31-plane "2-D" subset of the 3-D acquisition planes can be created by  
sum m ing cross-planes of increasing ring-difference. In this w ay the data can 
be re-ordered into SSRB data sets (section 2.7.2), and, if up to 3rd order cross­
planes are summed, the data set created is the equivalent to that acquired in 
the 2-D m ode of acquisition.
Dual energy w in dow  acquisition.
The front-end electronics of the scanner were designed by the 
manufacturers to enable rod-w indow ed transm ission and dual energy  
w ind ow  acquistion. The energy LUT addressed during event processing  
yields a 2-bit result indicating the type of event detected: within the upper 
energy w indow , w ithin the lower energy w indow , or outside the energy  
w indow . Software was provided by the manufacturers for the 953B scanner 
which allowed the simultaneous acquisition of data in two adjacent, non­
overlapping energy w indow s, and enabled the investigation of dual energy 
w indow  scatter correction. Three energy thresholds can be set: the scatter 
discriminator (SD), the lower level discriminator (LLD) and the upper level 
discrim inator (ULD). D uring the standard, single energy w in d ow , 
acquisition m ode on this scanner, LLD and ULD are set at 380keV and 
8501<eV respectively (section 3.6.3). Events are accepted if both coincidence 
photons have energies between the LLD and ULD values. In dual energy  
w indow  acquisition mode, the scatter discriminator, SD, is set. In addition to 
the single energy w indow  described above, events are assigned to the lower 
energy w indow  if either or both of the two coincidence photons has energy
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between the SD and LLD values, and the other has energy between the LLD 
and ULD values. Events where both photons have energy between the SD 
and LLD values can be monitored directly by setting a single acquisition  
w in d ow  w ith a low er threshold equal to the SD value and a upper 
threshold equal to the LLD value.
The CFD setting for this scanner is automatically set relative to the 
LLD value according to: CFD value = 1 /10  x LLD value, but it can also be 
specified by the user to have any value from 0 to 255 (full scale).
3.2.2 N o r m a l i s a t io n .
The normalisation applied to 2-D data collected on the 953B scanner 
is generated from a blank scan (section 2.8.1), with plane-to-plane correction 
factors calculated from a uniform  phantom  acquisition. For the 3-D  
em ission scans, a uniform 200 mm cylinder phantom acquisition (section
3.3.1) was used to determine the statistical variations in detector efficiencies. 
The phantom data can be acquired for different energy w indow s to provide 
efficiency values for the various scanning conditions that w ill be under 
investigation in the next chapters. The 6144 individual detector efficiencies 
obtained for the standard energy w indow  (380-850 keV) are show n in 
histogram form in figure 3.4. This distribution is normalized to unity and 
has a FWHM of ~ 27%, and the w ide variation illustrates the need for 
norm alisation.
Geometric correction factors were measured using a plane source 
acquisition data set (section 3.3.2). The plane source w as uniformly filled  
with 13F solution (-10 kBq/ml). Scans of 10 minutes duration were acquired 
in 6 angular positions. The trues count rate at the start of the first scan was 
158 kcps, the singles rate 1.6 Mcps and deadtime 4.3%.
The average geometric correction factors for all projections, obtained 
by inverting a summed profile (section 3.4.1) across the plane source data 
set, are show n in figure 3.5(a) as a function of radial elem ent along the 
projection. The data are also normalised to an average value of unity, and
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Figure 3.4 H istogram  of efficiencies calculated fo r  in d iv idu a l  de tec tors  
from a uniform cylinder.
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Figure 3.5(a) G e o m e tr ic a l  n o r m a l i s a t io n  fa c to r s  a v e ra g e d  o v e r  a ll  
p ro je c t io n s .
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illustrate the correction that must be applied at the centre of the projection 
to account for the greater distance between detectors. A com posite plane 
source sinogram was created by adding a small number of projections from 
each scan (including only the angles where the maximum transaxial extent 
of the source was view ed), after correcting for decay of i8F (figure 3.5(b)). 
Although geometrical correction factors have been derived both analytically 
and from blank scan data (Defrise, 1991), the advantage of measuring these 
factors using emission data is that the correction w ill also account for the
B C D
Figure 3.5(b) D iagram  i l lu s tr a t in g  the s teps  in vo lved  in g e n e ra tin g  a 
geom etric  norm alisation from  a plane source. B - S ingle plane source  
acquisition, A  - Projections extracted from  each acquisition, C - Composite  
plane source scan, D - Correction factor sinogram.
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"detector interference patterns" that result from systematic differences in 
detector efficiencies. These systematic differences manifest them selves as the 
cross-hatching appearance of the sinogram shown in figure 3.5(b) and are 
not rem oved by correcting for statistical variations in detector efficiency  
alone. Because of the logistical difficulty of acquiring the plane source data 
w ith all planes of the normalisation data set had to be sum m ed to 
improve statistics, and the same correction was therefore applied to all 3-D 
em ission planes.
3.2.3 D e a d t im e  correction .
Deadtim e correction factors for the 953B scanner are automatically 
com puted by the system  software for the standard scanning m ode. The 
correction is based on a measurement of the mean live time for each bucket, 
and includes random and multiple count rates. The deadtime characteristics 
and correction factors computed for data collected in 3-D on this scanner 
were assessed experimentally using a decaying source method. A 200 mm  
diameter cylinder filled uniformly w ith HC solution was scanned over the 
dynamic counting range of the scanner. In figure 3.6(a) the uncorrected trues 
count rate and deadtime corrected trues count rate are plotted as a function 
of activity concentration in the phantom. The data show that at high activity 
concentrations the deadtim e correction is underestimated. Therefore an 
adjustment to the deadtime correction factors, based on the scanner singles 
rate is made. The magnitude of this correction is shown figure 3.6(b), where 
the true counts, normalized to low  count rates, are show n for a range of 
scanner singles countrate.
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3.2.4 Attenuation correction.
For simple cylindrical phantom geometries with uniform attenuation 
medium the attenuation correction was calculated (section 2.8.2) to produce 
noiseless, scatter-free attenuation correction factors. An initial em ission  
image is reconstructed without attenuation correction, a circle (of known  
diameter) is centered on the image, and the value of the narrow beam
photon linear attenuation coefficient p for water (0.096 cm-1) is assigned to 
all pixels inside the circle. This attenuation map is forward-projected to 
provide attenuation correction sinogram s that are then applied to the 
em ission data. Image and sinogram data are show n to illustrate this 
procedure in figure 3.7.
Al
B l
Blank
Scan
Transm ission
Scan
B2
A y
/ B 3
Emission Image Forward Projected
(uncorrected for Attenuation Data
attenuation)
Figure 3 .7  Diagram i l lu s tra tin g  the generation of a ttenuation  correction  
data by two methods: A  - processing of blank and transmission scans, B - 
calculated attenuation correction.
Corrected 
Emission Image
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For complex phantom geometries w ith non-uniform distribution of 
attenuation, transmission scans of duration 20-30 minutes were acquired in 
2-D m ode and processed as described in section 2.8.2 to provide 3-D  
attenuation data. This process, consisting mainly of forward-projection, is 
performed in 10 minutes on a Sun SparcStation 2 w ith two 25MHz i860 
SuperCards (CSPInc., Bellerica, MA).
For the in vivo studies, the com fort of the patient lim its the 
acquisition time and transmission scans of shorter duration (15-20 minutes) 
were performed prior to the emission scans and processed in the same way.
3.2.5 R e c o n s tru c t io n .
2-D projection data are routinely reconstructed on the array processor 
in the ACS using a filtered-backprojection algorithm (section 2.7.1). Each 
plane takes 4-5 s to reconstruct on the array processor on the VME bus. For 
patient studies, a Hanning w indow  is routinely applied to the ramp filter 
with a cut-off of 0.5 cycles/pixel. To achieve the highest possible resolution  
in phantom studies, a ramp filter with a cut-off of 0.5 cycles/p ixel is applied.
The 3-D reconstruction software initially developed for the 953B 
scanner (Townsend, 1991) took 8 (3-4) hours to com plete on a SUN  
Sparcstation 1 (Sparcstation 2). 85% of this time was spent in either forward- 
or back-projection. With the aim to im prove reconstruction tim es, the 
forward and back-projection operations were micro-coded to be performed 
on array proccessors, which speeded the reconstruction times considerably. 
On the two 25MHz i860 SuperCards, the time taken for the reconstruction of 
a single time frame of data, including norm alisation and attenuation  
correction is 20 minutes, and on two 40MHz i860 SuperCards this reduces to 
8-10 minutes.
The choice of the maxim um ring-difference to be included in the 
reconstruction is a trade-off between maximizing efficiency and m inim izing  
reconstruction times, especially the time taken to forward-project synthetic 
projections of the same ring-difference as the measured data (section 2.7.2).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ring index
Figure 3.8 R ing indexed array showing subset of 3 -D  sinograms used in 
routine reconstruction.
A  good trade-off for this scanner is achieved by including all 
sinograms up to a maximum ring difference of 11, and this sub-set is shown  
in white and grey in figure 3.8. The sinograms that are not used in the 
reconstruction are shown in black. With this choice of ring difference, 90% 
of the measured data are utilised (231 sinograms), and the reconstruction 
requires the generation of 170 synthetic sinograms, which account for 74% of 
the total data used in the reconstruction. If, for example, sinograms up to a 
ring difference of 12 were included, more than 400 synthetic sinograms 
w ould  have to be generated, and this w ould considerably increase 
reconstruction times.
3.3 Preparation of Test Objects and Scanning Protocols.
3.3.1 S tandard  t e s t  objects.
Standard sources for performance characterisation tests on PET 
scanners include uniform  cylinders, line and point sources. The 
manufacturers of the scanner provide 200 mm diameter cylinders which can
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be uniformly filled with 68Qe activity suitable for 2-D scanning. When one 
of these cylinders has decayed sufficiently (< 40 MBq) it can be used to scan 
in 3-D m ode. W hile these phantom s are useful for the evaluation of 
uniformity and stability for example, they are limited in application due to 
their constant radioactivity concentrations. For scans that require a range of 
radioactivity concentrations, cylinders can be filled w ith either 18F or UC 
solution provided by the cyclotron at the MRCCU (Scanditronix MC40).
A 68Qe line source is provided w ith  the 953B tom ograph for 
perform ing resolution m easurem ents. Weak transm ission sources that 
have been rem oved from the tomograph can also be used as line sources. 
Again, when a range of activities is required, a hollow steel tube (internal 
diameter 2 mm) can be filled w ith 18F or HC solution. Point sources were 
prepared by soaking sm all (diameter -  2-3 mm) ceramic beads in 18F 
solution of high specific activity (eg. 2.5 GBq ml-1).
3.3.2 C u sto m ize d  t e s t  objects .
For the assesment of the scatter correction, a range of customized test 
objects w ere m anufactured by the MRCCU W orkshop. C ylindrical 
phantom s of diameter 200 and 150 mm w ith detachable covers proved a 
versatile approach. A number of covers were constructed, onto w hich  
different inserts for the phantom could be mounted (figure 3.9(a)):
M u lt ip le  line sources: H ollow  tubes (of internal diameter 5 mm) were  
mounted onto covers for the 200 mm and 150 mm diameter cylinders at the 
centre and at intervals of 10 mm in a helical arrangement. This allowed the 
positioning of line and point sources at different transaxial offsets from the 
centre in the phantoms, by inserting the sources into the tubes.
Cold spo t and 3-com partm ent ph an tom : A  cover plate for the phantoms 
w as m ounted w ith two smaller cylinders, one of 50 mm diameter and 50 
mm height and the other of 75 mm diameter and 100 mm height. A 6 mm  
w ide "stalk" attached the cylinders to the insert plate. The compartments in
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Figure 3.9(a) I llu s tra tions  o f  150 and 200 mm diam eter  phantom s w ith  
cu s tom ized  inserts.
this phantom can be filled independently to provide a range of activity 
distributions.
D ouble w alled  p h a n to m : The 150 mm diameter cylinder can be used as 
insert for the 200 mm diameter cylinder to create a shell (thickness 40 mm) 
that can be filled independently to the main phantom.
Plane source: A  plane source of w idth 300 mm and length 150 mm was 
constructed for collecting normalisation data. The 3 mm w ide cavity can be 
filled w ith radioactive solution and the source, which can be m ounted  
inside the gantry, is manually rotated to different positions.
Slot p h a n to m : A  200 mm diameter cylinder is divided by parallel perspex 
walls along its long axis into three compartments that can be independently 
filled with radioactive solution. Projections at right angles to the long axis 
w ill contain several LORs that view  the central compartment (width 5 cm) 
without passing through the other two compartments.
Pie p h a n to m : A  200 mm diameter cylinder divided along its long axis into 
12 x 30° segments by perspex walls. Each compartment can be independently
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Figure 3.9(b) I llustra tion  and draw in g  of  Utah phantom. D im ensions are 
shown in mm.
filled with radioactive solution.
Utah p h a n to m : This phantom, shown in figure 3.9(b), has been designed by 
a group of researchers in 3-D PET to assess the performance of scatter 
corrections developed in the different research centers and enable direct 
comparisons across methods and scanners. It consists of a 3-compartment 
phantom with a shell and asymmetric compartment at one end.
Hoffman Brain P h a n to m : This brain phantom has been developed to
sim ulate the 3-D activity distribution found in the human brain in PET 
studies of cerebral blood flow and metabolism (Hoffman, 1990). It consists of 
thin layers of lucite, w hose cut boundaries were traced from magnetic 
resonance imaging (MRI) sections of a human brain, to provide apparent 
relative concentrations of 5, 1 and 0 for grey matter, w hite matter and 
ventricles, respectively, w hen filled w ith radioisotope solution. This 
phantom has been shown to be useful in estimating the limits of accuracy of 
PET in brain imaging (Hoffman, 1991). Digital images of the actual slices 
from which the phantom was cut were also available.
Point, line and cylindrical sources are fitted into a carbon-fibre 
cylindrical phantom holder that is rigidly fixed to the patient bed and
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therefore can be extended and elevated in the FOV. The sources can be 
accurately positioned at the centre of the FOV with the three gantry lasers.
Scanning is initiated either by menu driven acquisition protocols that 
can be defined by the user, or command line scripts that can be executed  
directly w ithout m enu interface. The scripts allow for more flexibility, 
control and automation of the acquisitions. Thus, combinations of energy  
w indow s, CFD settings and acquisition m odes (2-D or 3-D, m ashed or 
trimmed) can be selected which are not supported by the m enu driven  
protocols.
3.4 Data Analysis.
User software provided on the ECAT 953B system allows the display 
of image and projection data and some regional analysis of images. Other 
software packages, such as Pro-Matlab (The Mathworks, Inc., Natick, Mass., 
USA) Analyze (Robb, 1991), and IDL (Research Systems, Inc., Boulder, CO, 
USA) were used to further analyse, compute and display data. Programs to 
perform operations specific to the scatter correction on large sets of sinogram  
data were coded in the C programming language and compiled to run on 
Sun Sparcstations.
3.4.1 Pro jec tion  da ta .
The advantage of looking at count profiles across projections is that 
acquired data can be analysed directly before further processing and  
reconstruction. Profiles (figure 3.10) are taken on projection data and used to 
analyse count and scatter profiles in the next chapter. This m ethod is 
particularly instructive for the slot phantom (section 3.3.2), since certain 
projections w ill only contain scattered counts in the region of the central 
compartment, and it is therefore possible to evaluate experim entally the 
absolute scatter contribution in the centre of this object. In projection space, 
profiles of cylindrical objects can be summed over all angles to improve
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Figure 3.10 Illustration of an unnormalized sinogram (192 projections) and a 
profile taken through the sum m ed projections.
statistics. In certain cases of axial uniformity in distribution, all direct planes 
of data (ring difference = 0) can be summed to improve statistics further.
In cylindrical objects, the expected number of events (scattered and 
unscattered) is the same for each central projection pixel because of circular 
sym m etry, but the statistical noise in each projection is independent. 
Consequently, a set of projections can be used as a sample from which the 
statistical noise properties of the data can be estimated (Barney, 1994).
3.4.2 Im age ana lys is .
To assess the scatter correction on images, ROIs were drawn on 
reconstructed im ages of the phantom s, and the mean and standard  
deviation of the pixels in the regions computed using the user software on 
the 953B scanner. The regions can be computed on all planes for static and 
dynamic studies and from all frames of a dynamic study. Regions and a 
profile through an image are shown in figure 3.11. To make a more detailed 
spatial analysis of the image counts, for example in comparing 2-D and 3-D 
images of the same object, a routine was written in Matlab to compute small 
ROIs (eg. 4 x 4  pixels) over the image which can be used in a scatter plot.
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Figure 3.11 Diagram illustrating an image with circular, elliptical, and square 
( 4 x 4  pixel) ROIs, and a horizontal profile taken across the image.
3.5 Monte-Carlo Sim ulations.
Several M onte-Carlo sim ulation codes have been developed to 
analytically assess the performance of multi-ring positron tom ographs 
(Logan, 1983; Stearns, 1988; Thompson, 1988; Dahlbom, 1989; Rogers, 1988; 
Bice, 1989; Barney, 1991). The software that has been used to simulate the 
953B scanner geometry (Michel, 1991) was implemented using version 3.10 
GEANT code from CERN (Brun, 1986), w hich in clu des photon  
(photoelectric and Compton) and electron (energy loss and m ultiple  
scattering) cross-sections. For a given scanner, source and scattering object 
geom etry, generated photons pairs are tracked through the object and 
allowed to undergo scattering within it. After exiting from the object, the 
photons are tracked until they enter a detector, where they are allowed to 
undergo scattering and photoelectric absorption. The energy and position  
resolutions are simulated by applying Gaussian smearing with appropriate 
w idths (from measurements) to the recorded energy and positions of the 
photons.
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3.6 Scanner Performance.
3.6.1 T ran sax ia l  reso lu tion .
The resolution of the 953B scanner has been measured by scanning a 
line source in a water-filled phantom and reconstructing the data using a 
ramp filter. Radial and tangential profiles are taken through the transaxial 
im ages of the line sources and full w idth at half and tenth m axim um  
(FWHM and FWTM) obtained by linear interpolation (Spinks, 1992).
In 2-D m ode, the mean transaxial resolution over all planes at the 
center of the FOV was measured as 5.3 mm at FWHM (10.8 mm at FWTM). 
The tangential resolution remains constant when the line source is m oved  
off-centre, but the radial resolution degrades to 7.3 mm FWHM (21.1 mm  
FWTM) at 90 mm off-axis due to effects of photon penetration into 
neighbouring crystals.
Figure 3.12 shows the resolution across all 31 images planes for a 3-D 
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reconstructed images of a line source acquired in 3-D  mode.
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acquisition of a line source which has been reconstructed in 2-D and 3-D 
with a ramp filter and a Hanning filter. In 3-D mode, for planes at the centre 
of the axial FOV, the resolution for 2-D and 3-D recontructions are similar, 
but the resolution for 3D degrades more towards the egde of the FOV, due to 
the larger contribution of the forward-projected data to these planes.
3.6.2 A x ia l  reso lu t ion .
Slice thickness in 2-D mode was measured by stepping a point source 
in a water phantom in intervals of 0.5 mm through the axial FOV. FWHM 
and FWTM were determined by linear interpolation of total plane counts. 
For 2-D images the resolution on-axis is 4.5 mm FWHM (11.2 FWTM) and
5.1 mm FWHM (11.8 mm FWTM) at 90 mm off-axis. In 3-D, the axial 
resolution was measured to be 5.2 mm FWHM on-axis and 5.9 mm FWHM 
at 85 mm off-axis (Bailey, 1994).
3.6.3 Energy re so lu tion  an d  ca lib ra tion .
The total singles rates for the scanner were recorded in a 20 keV 
w indow  stepped from 50 keV to 850 keV for a selection of isotopes of
different y-ray energies. The energy resolution for a 511 keV source is 120
keV (FWHM) or 23%. The threshold of 380 keV, which is used in routine 
data acquisition, lies just below the photopeak, and with the ULD set at 850 
keV, corresponds to twice the FWHM. An energy calibration performed  
w ith 99mTc (141 keV), 1311 (365 keV), 18F (511 keV) and i37Cs (661 keV) has 
demonstrated good linearity over a w ide energy range (Spinks, 1992), and 
these data are shown in figure 3.13.
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Figure 3.13 E nergy calibration fo r  the 953B scanner w i th  a range o f  
ra d io iso to p e s .
3.6.4 Efficiency.
Recorded count rates per unit activity in the FOV were measured  
w ith a cylinder of diameter 200 mm, uniformly filled w ith i8F solution. 
Samples taken from the cylinder were counted in a calibrated w ell counter. 
For 2-D mode, the total system sensitivity is 3.3 k counts s-1 l<Bq-i m H  and 
in 3-D m ode this increases to 23.4 k counts s-1 kBq-i ml-1 (Spinks, 1992). This 
7-fold increase decreases to 5 when the contribution from scattering is taken 
into account.
Though this m easurem ent is a standard w ay of defin ing the 
sensitivity of a PET tomograph (Karp, 1991), it does not define the absolute 
efficiency to a source. An alternative method (Bailey, 1991) measures the 
total sensitivity to a calibrated line source in air occupying the entire axial
FOV to be 5100±30 counts s-1 MBq-i (0.51% efficiency). For 3-D acquisition
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without septa, this increases to 32000±500 counts s~i MBq-* (3% efficiency). A 
sim ilar m easurem ent perform ed w ith  99Tcm on a state-of-the-art 
neuro-SPECT system , the CERASPECT (D igital Scintigraphies Inc., 
Waltham, Mass., USA) (Genna, 1988) showed the absolute sensitivity to be 
~220 counts s-i MBq-1 (Bailey, 1994). The sensitivity in air is thus over 20 
times greater for 2-D PET than for the SPECT scanner and over two orders of 
magnitude more sensitive for 3-D PET.
3.6.5 C ou n t ra te  characteristics .
The relation between trues, randoms and multiples count rates w ith  
varying activity in both 2-D and 3-D acquisition modes were examined with  
the 200 mm cylinder uniformly filled w ith UC solution, and em ission data 
w ere acquired as the activity decayed. In 2-D m ode, the m axim um  
(saturation) trues rate of 151 k counts s-i occurs at a concentration of 126 kBq 
m l-i. In 3-D mode, the maximum trues rate of 240 k counts s-1 occurs at an 
activity concentration of 24 kBq ml-h The noise-equivalent count (NEC) rate 
(Strother, 1990) takes into account the effects of scattered and random  
coincidences and their contribution in degrading the statistical quality of an 
image. The gain in NEC performance for 3-D was found to range from >5 at 
low  count rates to ~3 at 200 k counts s-1 (Bailey, 1991).
It was mentioned in section 2.8.2 that at high count rates, event pile- 
up can occur. The magnitude of this phenomenom was determined for the 
septa retracted case and showed a variation in plane to plane efficiency with  
an axially uniform phantom of ±5% w ith 37 MBq in the FOV (100 k true 
counts s - i ) and ±10% with 107 MBq in the FOV.
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3.6.6 Contribution of events due to scattered photons.
The fraction of coincidence events due to scattered photons (scattered 
events) was measured for the 2-D acquisition mode by scanning line and 
point sources in a water-filled 200 mm diameter cylinder. All projections in 
each acquisition plane were sum m ed, and the resulting profiles were 
extrapolated under the central peak to determine scatter counts (section
4.2.1). For the routinely applied LLD of 380 keV, the mean fraction of 
scattered events (section 4.3, equation 4.1) over the 31 planes is 10% for the 
line source (Spinks, 1992). When the LLD was lowered to 150 keV this 
increases to 15%. The in-plane fraction of scattered events for the point 
source is 4% (Grootoonk, 1990).
The contribution of scattered events in the reconstructed image was 
determined in 2-D images of a 50 mm diameter water-filled cylinder (50 mm  
radial offset) in a 200 mm cylinder uniformly filled w ith active solution. 
The counts in a ROI of 25 mm diameter in the centre of the small cylinder 
('target') were divided by the average counts in a large ROI in the uniform  
cylinder to give a residual 7%  background. In the next chapter, the scatter 
contribution to data acquired in 3-D m ode w ill be fully characterised and the 
loss of contrast and linearity due to the large increase in scatter relative to
2-D m ode w ill become apparent.
S u m m a r y .
The scanner described in this chapter was specifically designed for 3-D 
brain PET acquisition. The ring diameter was reduced compared to previous 
m odels to increase the sensitivity, and the detector block cut into finer 
crystals to im prove axial resolution. A dditional side sh ield in g  w as 
positioned at the front of the gantry to limit the background of random, 
scattered and single events originating from the rest of the body. The septa 
can be retracted automatically and full 3-D acquisition is supported.
A normalisation procedure was developed to correct the 3-D data for
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statistical and geom etrical variations in detector efficiencies. A sim ple  
phantom  m easurem ent allow s the intrinsic detector efficiencies to be 
computed for any choice of energy w indow on a regular basis, whilst a plane 
source measurement is made once to define the geometrical normalisation. 
The deadtime characteristics of the scanner have been studied in 3-D and an 
empirical correction based on these results is applied to emission data, since 
it w as found that the deadtime com puted by the system  software was 
underestimating the deadtime factors.
Hardware and software to support dual energy w indow  acquisition 
was provided by the scanner manufacturer to enable the investigation of the 
proposed correction for scattering. A high degree of flexibility has been  
included in the implementation of the steps for 3-D reconstruction and w ill 
allow other corrections, such as for scattering, to be incorporated easily.
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4. Experimental Characterization of Scattering in the Scanner.
The contribution of coincidences due to scattered photons to em ission  
data acquired in 3-D needs to be evaluated and its distribution mapped  
before any correction for scattering is attempted. Coincidence events due to 
unscattered photons cannot be experim entally distinguished from events 
due to scattered photons on the basis of energy resolution. A useful aid to 
interpreting measurements is the sim ulation of the source distribution, 
scattering medium and scanner. The results of Monte Carlo simulation w ill 
therefore be used in this chapter in the discussion and interpretation of the 
experimental results.
Experimentally, a phantom geometry can be devised where the source 
location is known exactly, and any counts registered in LORs not passing  
through the true position of the source are deem ed as originating from  
events due to scattered photons. The standard measurements consist of 
positioning a line source or point source in a phantom containing scattering 
material (eg. water or perspex). These are used to determine parameters to be 
used in corrections for scattered photons. In the follow ing sections, such  
measurements for a range of scanning conditions w ill be show n for the 953B 
scanner, to fully characterise the scattering distribution from objects w hose  
geometries resemble the human head.
4.1 Scanner Energy Spectra.
The energy spectrum for single events recorded by the scanner was 
measured with the 68Ge line source centered axially and radially in the FOV 
for two conditions: in air, and in the centre of the water-filled 200 mm  
phantom.
For each condition, 3-D sinogram data were collected for 30 s with the 
LLD set at 50 keV and the ULD incremented in 25 lceV steps from 75 keV. 
The deadtim e corrected singles count rate recorded by the scanner after 
energy discrim ination w as noted. The resultant singles count rate in
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adjacent 25 keV energy w indows is thus calculated by subtracting the singles 
rate from consecutive scans, and these data are plotted in figure 4.1.
With the line source in air, m ost emitted photons from the source 
have energy 511keV (though some scattering in the source itself may occur), 
the source of lower energy coincidences being photons which scatter in the 
gantry and side shielding. Photons scattering in the crystals, depositing only 
part of their energy in the first crystal of interaction, also contribute to the 
signal in the lower energy range. When the line is placed in the water-filled 
cylinder, a range of photon energies is incident on the detectors, because of 
the now  considerable contribution of scattering in the object.
Energy [keV]
Figure 4.1 Singles energy spectra for  a line source in air and in the water-  
filled 200 mm diameter phantom. The errors due to counting sta tistics  up to 
the fu l l  energy photopeak (511 IceV) average 1%, hut rise to 30%  for  the 
higher energies.
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4.2 Determination of Scattering Response Functions.
4.2.1 S ca tte r in g  respon se  fu n c tio n  f o r  a line source.
The 68Qe line source was scanned in air at the centre of the FOV at a 
true coincidence count rate of 245 k counts s-r, a singles count rate of 2.1 M 
counts S"1 and a deadtime of 5%. When the line source was scanned in the 
centre of the 200 mm water-filled phantom, the trues count rate dropped to 
80 k counts s-1, the singles count rate to 1.3 M counts s-i and the deadtime to 
4%. The standard acquisition energy thresholds (LLD = 380 keV and ULD = 
850 keV) were set for these acquisitions.
Since the geom etry of a line source in the centre of the scanner is 
cylindrically symmetrical, all projections in a plane of data were sum m ed to 
im prove the statistical quality of the profile. The sum m ed profiles of the
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Figure 4.2 Profiles of summed projections of a centred line source in air and 
in a 200 mm diameter water-filled cylinder.
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two scans of duration 1200 s (normalised to their respective peak values) are 
show n in figure 4.2. A large increase in counts due to scattered photons in 
the projection relative to the peak value is seen when the line source is 
scanned in the water-filled cylinder. The difference in the shapes of the 
scatter "tails" is marked, but no demarcation or step is seen at the 
air/cylinder interface (-100 mm and +100 mm) when the line source is in 
the cylinder.
M ono-exponential functions have commonly been fitted to the tails 
of the scattering distributions (King, 1981; Bergstrom, 1983). The fit is then 
extrapolated to underneath the peak to evaluate the counts due to scattered 
events at the position of the source. When, as in this case, data are acquired 
in the open geometry of 3-D PET, and relatively high energy thresholds are 
set, the shape of the scattering tails are no longer su ited  to a 
m ono-exponential fit. Such a fit w ould overestimate the contribution of 
scattered events under the source position (Mazoyer, 1990).
The 4th order polynomial that has been fitted to the curves in figure
4.2 matches the scatter tails in the area of the object w ell (correlation 
coefficient, R=0.984), and estimates the scatter under the peak as a smooth  
function. This distribution has been shown from simulations to result from  
scattering solely in the object (Barney, 1991). Simulations have show n that 
scattering in the detectors (and in the septa) cause a narrow and sharp 
background under the peak in the projections (Bentourlcia, 1993). The 
counts registered due to scattering in the side-shielding was also found to be 
localised near the source position (Barney, 1991).
4.2.2 E ffect o f  energy th resh o ld  on sc a t te r in g  response  fu n c tio n .
3-D sinogram data were acquired over 600 s with the 68Ge line source 
centred in the 200 mm diameter water-filled cylinder. The ULD was kept 
fixed at 850 keV, and the LLD was lowered in 50 keV steps for consecutive 
acquisitions. Profiles through summed projections are shown in figure 4.3. 
At low  values of the LLD (<250 keV), the scattering response function
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rem ains constant and sh ow s the characteristic m on o-exponen tia l 
behaviour. As the threshold is raised the counts in the scattering 'tails' fall 
off more rapidly away from the source. Again, a 4th order polynomial fit can 
be applied to the "tails" of all profiles.
-20  -15  -10  -5  0 5 10 15 20
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F igure  4.3 Profiles o f  sum med projections of a centred line source in a 200  
mm diameter water-filled cylinder scanned w ith  varying  LLD settings.
4.2.3 Effect o f  o b jec t  s iz e  on s c a t te r in g  response  function .
A 18F line source was scanned for 20 minutes at the centre of the 150 
mm diameter water-filled cylinder, w ith a trues count rate at the start of 
acquisition of 39 k count s -1, a randoms rate of 1 k count s-i, a singles count 
rate of 0.5 M count s-i and deadtime of 1.3%. The profile through a summed  
projection is show n in figure 4.4 which also shows the data from the 200 
mm diameter cylinder for comparison (the profiles are normalised to their 
respective peak values). It is noted that although the relative amount of 
scattering is lower for the 150 mm diameter cylinder, the shape of the
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Figure 4.4 Profiles of sum m ed projections of  a line source centred in 200  
mm and 150 mm diameter water-filled cylinders.
scattering response function remains similar to that seen in the 200 mm  
diameter cylinder.
4.2.4 V ar ia tion  o f  s c a t te r in g  response  function  w i th  ra d ia l  source p o s i t io n .
The 88Ge line source was scanned at different radial positions (0 mm, 
40 mm and 80 mm offset) in the 200 mm diameter water-filled cylinder and 
the 150 mm diameter cylinder (0 mm, 20 mm, 40 mm, 60 mm offset). Only a 
small number of projections (<10) were added together in this case, since the 
geometry is no longer cylindrically symmetrical when the line source is off- 
axis. Profiles of summed projections of the line source at the different offsets 
in the 200 mm diameter and 150 mm diameter cylinders are show n in 
figures 4.5 and 4.6, respectively. The 4th order polynomial provides a good
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F igure  4 .6  Profiles of sum med projections o f  a line source at several radial 
off-sets in a 150 mm diameter water-filled cylinder.
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fit to all profiles. The asymmetry of the scattering response profile clearly 
becomes more pronounced as the source is m oved further off-centre, and it 
is noted that the function is at its highest level outside the boundary of the 
object (>100 mm). There is less attenuation for those events originating 
from photons that escape from the edges of the object than those that 
traverse more of the object.
4.2.5 S ca t te r in g  respon se  fu n c tio n  f o r  a p o i n t  source.
A  point source centred in the 200 mm diam eter cylinder w as 
positioned in a plane at the centre the axial FOV and data acquired to obtain 
adequate statistics. The profile of the summed projections in the direct plane 
view ing the point source is show n in figure 4.7(a), with the data from the 
line source centred in the 200 mm diameter cylinder for comparison. The 
relative level of the scattering "tails" is greatly reduced for the point source
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4 .7 (a )  Profile of summed projections of a point source and line source 
centre o f  a 200 mm diameter water-filled cylinder.
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F igu re  4 .7 (b )  Profiles of sum m ed projections in planes at different axial  
offsets to a poin t source at the centre of  a 200 mm diam eter water-filled  
cy lin der .
data, although the shape remains similar. In figure 4.7(b), data from several 
direct planes are shown: the plane view ing the point source, and planes at 
10 mm, 20 mm, 30 mm and 40 mm axially distant from the source. The 
m agnitude of the scatter "tails" for these planes remain as high as in the 
plane v iew in g  the point source. This graph dem onstrates the large 
out-of-plane scattering contribution, and illustrates the isotropic nature of 
the scattering response function. Simulations of the axial scattering profiles 
from a distributed source (200 mm diam eter cylinder) have also  
dem onstrated that the function is slow ly varying in the axial direction  
(Michel, 1991).
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4.3 Determination of the Scattered Photon Fraction.
4.3.1 C a lcu la tion  o f  sc a t te re d  p h o to n  f rac t ion .
The fraction of scattered photons (scatter fraction, SF) was calculated 
for all planes of sinogram data by sum m ing (i) all counts in a projection
(£p(s,(j))) to obtain the total counts (unscattered and scattered) and (ii) all 
counts under the fit to the scattering response function (Eps(s,(j))) to obtain
counts originating from events due to scattered photons in the object, and 
then computing the ratio of the two values:
SF = Eps(s,<|>) / Ep(s,(j)) 4.1
The scatter fraction within the limits of the object (SFobj) and within a 400 
mm FOV (SFfov) (maximum FOV used in reconstruction) were calculated 
separately.
The mean scatter fractions over all planes for the line source in air, 
and in the 150 mm and 200 mm diam eter water-filled phantom s are 
summarised in table 4.1. The scatter fraction for the line source in the 200 
m m  cylinder increases by m ore than three-fold com pared to 2-D  
measurements w ith septa (section 3.6.6; Spinks, 1992). The scatter fraction 
SFpov for the 200 mm cylinder is a factor of 1.3 higher than the value for the 
150 mm cylinder.
Line source location: SFobj (±s.d.) SFfov (±s.d.)
in air 0.06 ± 0.01 0.07 + 0.01
in 150 mm cylinder 0.25 ± 0.01 0.32 ± 0.02
in 200 mm cylinder 0.35 ± 0.02 0.41 ± 0.01
T a b le  4.1 M ean scattered photon fractions for  a line source in air, in 150 mm  
and 200 mm diameter water-filled cylinders.
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An alternative derivation of SFpov for the 953B, uses consecutive 
scans of a line source in air and in a phantom to determine counts due to 
scattered events without the need to fit the shape of the scattering response 
function (Bailey, 1994). After attenuating the air measurem ent using the 
narrow beam attenuation coefficient (0.096 cm-1), the difference in counts 
observed is attributed to scattered events. The scatter fraction, SFpov, for a 
line source in a 200 mm cylinder scanned in 3-D mode w ith the LLD set at 
380 keV is estimated to be 41% from this method. Since both the air and the 
phantom measurement contain counts that arise from events that scatter in 
the crystal, this value is in good agreement w ith the value obtained using  
the polynom ial fit (0.41 ± 0.01), where scattering in the detectors is not 
included.
Simulations which include scattering in the detectors in the scattering
com ponent (Xps(s,(j))) com puted SFobj and SFpov to be 0.40 and 0.46
respectively for a line source in a 200 mm diameter cylinder (Michel, 1991), 
ie. an additional 0.05 to the experim ental result in both cases. This 
contribution is not included in the experimental m easurem ent w hen a 
smooth function is fitted to the scattering tails, or when two independent air 
and water measurements are made. The events due to scattering in the side- 
sh ield ing were isolated by sim ulation and estim ated to make a 1.5% 
contribution to SFobj and SFpov (Barney, 1991).
The scatter fraction for the line source in the 200 mm diam eter 
water-filled cylinder is shown as a function of plane number in figure 4.8(a). 
There is a characteristic variation which is also visible w hen the scatter 
fraction is plotted as a function of plane difference in figure 4.8(b). Within 
these data, is embedded another characteristic variation w ith axial position. 
This is revealed in figure 4.8(c), where the scatter fraction is plotted for the 
direct planes w ith a ring difference of 0. Since these data have not been  
normalised, it is likely that these variations are due in part to the differences 
in sensitivity within individual detector blocks.
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Similar variations in sensitivity are also present w ithin the individual 
projections, and this effect causes a systematic pattern w hen looking at 
un-norm alised sinograms (section 3.2.2). The sum m ation of the profiles 
show n in this section however masks the effect. The main effect giving rise 
to the increase in the scatter fraction towards the centre of the FOV is the 
geometry of the source, scattering medium and scanner ring.
It is also instructive to look at the scatter fraction values SFpov for a 
line source in air and in water displayed in a ring indexed array, figure 4.9. 
In both cases, the increase in scatter fraction toward the center of the FOV 
and for planes w ith smaller ring differences is clearly discernible. Although  
ring indexed arrays have previously been used to display and indentify  
sinogram planes for 3-D acquisition (as in figures 3.3 and 3.8), they are also 
useful w hen displaying actual values associated with the sinogram planes. 
In this case scatter fraction is displayed, but parameters such as deadtime or 
normalisation values could also be displayed.
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Figure 4 .9  Ring indexed array of scatter fraction for a line source in a 200 mm  
water-filled cylinder (LHS) and in air (RHS).
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4.3.2 Variation of scattered photon fraction with energy threshold.
The mean scatter fraction for the line source centred in the 200 mm  
water-filled phantom is shown in figure 4.10(a) for varying values of the 
lower energy threshold (LLD). The data are also tabulated in table 4.2.
At high values of the LLD (>500 keV) SFobj and SFfov have similar 
values, since only small-angle scattered photons that have lost little energy 
can meet the energy criterion and therefore no additional m ispositioned  
events are recorded outside the object. Even w ith such high energy  
thresholds, the scatter fraction does not fall below 0.2, which is still higher 
than in a 2-D measurement with LLD set at 380 keV (SFpov = 0.15). As the 
LLD is lowered, the scatter fraction increases steadily. For LLD settings < 200 
keV there is no further increase in scatter fraction.
Sim ulations of the scatter fraction for varying LLD show  good  
agreement with the experimental values for the mid-energy range (200 to
po
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Figure 4 .10(a) Variation of scatter fraction with LLD for  a line source in a 200  
mm water-filled cylinder.
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450 keV), with a constant 0.05 offset due to the contribution of events that 
scatter in the detectors (Michel, 1991). At higher values of the LLD, the 
sim ulation results diverge from the measurements, and underestimate the 
scatter fraction. This is due to the poor counting statistics in the simulated  
data w ith very high values of LLD, and because the sharp energy threshold 
m odel used does not account for variations in individual crystal energy  
response within a block.
LLD [keV] SFobj (±s.d.) SFpoy (±s.d.)
50 0.43 ± 0.02 0.52 ± 0.02
100 0.43 ± 0.02 0.52 ± 0.02
150 0.43 ± 0.02 0.52 ± 0.02
200 0.42 ± 0.02 0.51 ± 0.02
250 0.41 ± 0.02 0.49 ± 0.02
300 0.39 ± 0.02 0.47 ± 0.02
350 0.38 ± 0.02 0.45 ± 0.02
380 0.36 ± 0.02 0.42 ± 0.02
400 0.36 ± 0.02 0.41 ± 0.02
450 0.32 ± 0.02 0.35 ± 0.02
500 0.27 ±0.02 0.29 ± 0.02
550 0.20 ± 0.03 0.21 ± 0.03
T a b le  4.2 Mean scatter fractions for  varying LLD for  a line source centred in a 
200 mm diameter water-filled cylinder.
At lower values of the LLD the simulations show the scatter fraction 
still increasing, whereas in the measurement they have levelled off. This 
may be due to the fact that the CFD setting is kept at a fixed value in the
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measurement, which, when very low  energy events are incident, may reject 
the event on the basis of pulse height. In the simulations, the CFD is not 
included and all events are accepted. The effect of the CFD w ill be further 
investigated in section 5.3.1, but for the purposes of this section it was set to 
a value of 20, which is a suitable setting for this scanner. Lower settings of 
the CFD are not recom m ended by the scanner manufacturer, since this 
could lead to acceptance of events that have triggered the CFD at the noise 
level.
The total counts due to scattered events, Zps(s,<j)), and unscattered 
events, Ep(s,(j>) - Eps(s,<|)), are plotted in figure 4.10(b) as a function of LLD.
This graph emphasises that raising the LLD in order to reduce the scatter 
fraction also causes an undesirable reduction in the counts from unscattered 
events. To achieve a 25% reduction in the scatter fraction by raising the LLD 
from 380 keV to 500 keV (which would still be a considerable scatter fraction
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Figure 4.10(b) Variation in counts due to unscattered and scattered events  
with  LLD for  a line source in a 200 mm water-filled cylinder.
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of 0.27), results in a 23% reduction in the counts due to unscattered events. 
At the normal operational LLD of 380 keV, the number of counts from  
scattered events and unscattered events are nearly equal. For LLD values 
below 200 keV, the counts due to both scatter and unscattered events change 
little, as does the spatial variation of the profiles (as show n in figure 4.3), 
and no further gain is obtained by lowering the LLD further.
4.3.3 V aria tion  o f  sc a t te re d  p h o to n  frac tion  w i th  ra d ia l  source p o s i t io n .
The mean scatter fraction for the line source at different radial 
displacements in the 200 mm and 150 mm diameter cylinders are shown in 
tables 4.3 and 4.4, respectively. As the source is m oved off-axis the scatter 
fraction decreases, within the limits of the object and within the whole FOV.
Line source offset: SFobj (±s.d.) SFpov (±s.d.)
0 mm 0.37 ±0.02 0.42 ±0.02
40 mm 0.35 ± 0.02 0.40 ± 0.02
80 mm 0.27 ± 0.01 0.30 ± 0.02
T able  4.3 Mean scatter fractions for  a line source at different radial offsets in 
a 200 mm diameter water-filled cylinder.
Line source offset: SFobj (±s.d.) SFfov (±s.d.)
0 mm 0.25 ± 0.01 0.32 ± 0.02
20 mm 0.22 ± 0.01 0.31 ± 0.02
40 mm 0.20 ± 0.02 0.29 ± 0.02
60 mm 0.16 ±0.01 0.23 ± 0.01
Table 4.4 Mean scatter fractions for  a line source at different radial offsets in 
a 150 mm diameter water-filled cylinder.
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4.3.4 Scattered photon fraction for a point source.
The scatter fraction for the point source in the centre of the 200 mm  
diameter water-filled cylinder is plotted for all direct planes in figure 4.11. 
The value for SFfov was computed relative to the total counts, Ep(s,<|>), in 
the plane v iew ing the point source (direct plane number 9). The mean  
SFfov is 0.03+0.01. From these data the out-of-plane scatter contribution can 
be estimated by taking the difference between the scatter fraction of the line 
source and the point source in the 200 mm diam eter cylinder. The 
out-of-plane scatter is thus estimated to contribute up to -90% of the total 
scatter fraction in a line source measurement for an LLD setting of 380 keV.
Po♦ rH4->uroTO
Ph
TOO)•TO
-TOroocn
0.06
0.05
0.04
0.03
0.02
0.01
0
A SFFOV ©
j :
>
'
A i
A A A i V | -
S A I
...
A
k, A €9 : ■*
1?....................
- © ■ Unsciittered)
©
io-
10:
10“
10J
0 2 4 6 8 10 12 14 16
Direct Plane Number 
Figure 4.11 Variation o f  scatter fraction with direct plane for  a point source
in a 200 mm water-filled cylinder .
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4.4 Distribution of Scattering in a Lower Energy Window.
To assess experimentally the contribution of events due to photons 
that scatter in the detectors and only deposit a fraction of their energy, a 
energy w indow  can be defined in the lower part of the spectrum. The LLD, 
w hich was kept fixed at 380 keV, acted as the upper level discriminator and 
the SD was varied in steps of 50 keV from 50 to 350 lceV. Profiles through 
sum m ed projections are shown for selected values of SD in figure 4.12, and 
demonstrate the counts registered at the location of the central peak. These 
counts originate from events that scatter in the source, gantry or detectors. A  
detailed study of inter-detector scatter (Sarkar, 1994) has show n that the 
proportion of events that scatter in the detectors and deposit only part of 
their energy in the first crystal of interaction is significant (50%). The total 
counts in the scatter profile fep (s,c(>)) an<d at the position of the source (± 25
mm) are plotted in figure 4.13, along w ith the scatter fraction for a range of 
SD settings. The scatter fraction remains constant (0.7) and the unscattered 
and scatter events increase with lower values of SD.
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Figure 4.12 Profiles of summed projections of a line source in the centre of a 
200 mm diameter water-filled cylinder for  several lower energy window s.
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79
Scatter 
Fraction
S u m m a r y .
In this chapter, the scatter distribution for sources scanned in 3-D 
mode on the 953B scanner was described qualitatively and quantitatively. It 
was found that the distribution of counts due to scattered photons could no 
longer be characterized by a simple mono-exponential function. To estimate 
the contribution due to scattering in the object, a polynomial fit was applied. 
When the LLD was varied, no change was observed below a threshold of 250 
keV in the scattering distribution from a line source. Assymetries of the 
scattering response function were seen when the line source was moved off- 
axis, with relatively more scatter counts being detected by LORs outside the 
object than inside. The scattering response function from a point source 
revealed that the out-of-plane scattering contribution was equivalent in 
both magnitude and distribution to that occuring within the plane.
The scatter fraction, when compared to conventional 2-D acquisition, 
was found to be increased by a factor of -3 when the septa were retracted and 
data acquired in 3-D mode. For a line source in a 200 m m  water-filled 
cylinder, the scatter fraction was measured to be 42%. This increased to 51% 
when the LLD was lowered to 200 keV.
Due to the relatively poor energy resolution of BGO, and inter­
detector scattering, counts were registered in LORs passing through the 
location of a source, even when the energy window was centred below the 
full-energy photopeak.
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5. Du a l  Energy W i n d o w  Correction for Scattered Photons.
5.1 Review of Corrections for Scattered Photons Developed for PET.
The corrections for scattering most successfully implemented for 2-D 
PET data are based on a deconvolution of the scattering response function in 
the projections. These corrections have been based on either a measured 
scattering response function (King, 1981; Bergstrom, 1983; Bendriem, 1986), 
or Monte Carlo simulation of the function (Endo, 1984). The method, in its 
simplest form, assumes a scattering response function in projection space 
independent of the shape of the scattering object, and independent of the 
source position along the projections. This method has been implemented 
by PET scanner manufacturers and has been found to be accurate only in 
conditions of uniform attenuation (Prati, 1993). The method has also been 
extended to include the object shape and source position information, for 
correcting in the more complex activity distributions of scans taken at the 
level of the torso and lower body (Hoverath, 1993).
In 3-D data acquisition, the contribution of events due to scattered 
photons is much more significant (a factor of 3-5 higher). A large proportion 
of the scattering contribution in an acquisition plane originates from out-of- 
plane activity, and out-of-FOV activity can also contribute to the scattering. 
Initial corrections for scattered photons in 3-D PET have simply 
approximated the smooth, broad scattering background with a constant or 
simple analytical function fitted to the scattering response function outside 
the object in the projections. These were applied to PET scanners of the 
chamber type (Townsend, 1988; Cherry, 1989) and ring type (Yamamoto, 
1982) but, because of their simplicity, were limited in their accuracy. More 
recently, modifications to the deconvolution approach have been 
investigated: a deconvolution of a scattering response function in image 
space, assumed to be approximately shape invariant, has been used for 
corrections of 3-D PET data (McKee, 1992). Another image-space-based 
method includes a shift parameter to account for asymmetry of the
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scattering response function (Lercher, 1994). These methods, though based 
on the reconstruction of inconsistent projections because of scattering 
contributions, have nevertheless provided promising results in simple 
phantom geometries.
Most researchers have concentrated their efforts on methods that 
perform the correction on projection data prior to reconstruction. 
Modifications to the deconvolution of the scattering response function 
method (Bergstrom, 1983) have been investigated. These are based either on 
the measurement (Shao, 1991) or simulation (Wu, 1994) of the scatter 
response function in 3-D. An iterative convolution-subtraction method 
with a spatially invariant scattering function (Bailey, 1994) has been 
implemented on commercial scanners and shown to restore contrast and 
linearity consistently in a range of phantom geometries. A modification to 
this method has been made that includes the shape dependence of the 
scattering object with a spatially varying function (Barney, 1991). Analytical 
methods for computing the 3-D scattering distribution that include images 
of both source and attenuation maps have been developed (Ollinger, 1991; 
Barney, 1993; Ollinger, 1993), and these methods are regarded as providing 
the most accurate estimation of the scattering contribution originating from 
activity within the FOV.
A  method has also been developed that estimates the scattering by 
comparing LORs that exist in both a 3-D and a 2-D measurement of an object 
(Cherry, 1993). This method is suitable mainly for static or slowly varying 
activity distributions since a short 2-D acquisition must be performed for 
each scattering estimate. None of the above methods can directly account for 
activity outside the axial FOV that gives rise to accepted scattered events, 
and several of the techniques rely on scaling the scattering estimate relative 
to emission data outside the object transaxially.
Several groups are investigating the potential of acquiring data in two 
(Grootoonk, 1991; Harrison, 1991; Bendriem, 1993), three (Shao, 1994) or 
multiple energy windows (Bentourkia, 1993) to develop corrections for 
scattering in 3-D PET data. The advantage of these approaches is that the
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scattering component can be extracted by analysis of the energy spectrum 
and the effect of the out-of-FOV activity can be monitored. In the work 
undertaken in this thesis, a dual energy window correction for scattered 
photons has been developed.
Suggestions have also been made on how the contribution of 
coincidences due to scattered photons in 3-D scanning can be reduced during 
acquisition (Thompson, 1993). The methods proposed include a notched 
energy window and a radially variable energy threshold to reject low energy, 
wide angle scattered photons. Though Monte Carlo simulation of these 
techniques show each of them to be promising for specific scanning 
conditions, the hardware on commercial PET system has not yet allowed 
them to be implemented experimentally. An early suggestion to reduce the 
scattered radiation from the object by placing graded absorbers in front of 
Nal(Tl) detectors (Muehllehner, 1975) was also attempted recently with lead 
filters in a scanner with BGO detectors, but only produced a marginal 
reduction in scatter fraction at the expense of a decrease in statistical quality 
(Ficke, 1990; Spinks, 1993).
The contribution of scattering to transmission measurements is also 
not negligible (Chan, 1986). The trade-off between scattering in transmission 
measurements and emission measurements has usually been used to avoid 
correction for scattering in 2-D altogether (Bergstrom, 1983). Other groups 
have corrected the emission data for scattering and used a calculated 
attenuation correction. But the most effective way of dealing with scattering 
in transmission data is to remove it from the data set during acquisition. 
The path of a rotating rod source can be tracked and any coincidences not 
passing through the source are rejected. This method, called rod windowing, 
has proved very efficient in removing scattered and random coincidences 
from transmission and blank scans on the new generation of scanners with 
retractable septa (Jones, 1992).
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5.2 Proposed Dual Energy Window Correction for Scattered Photons.
Multiple energy window methods to correct for scattered photons 
have been implemented successfully in SPECT for over a decade. In the dual 
energy window method (Jaszczak, 1984), data are simultaneously recorded 
within a primary photopeak energy window (eg. 140 lceV, 20% for "Tcm) and 
within a secondary lower Compton window (eg. 95-125 keV). The correction 
consists of the subtraction of a fraction of the Compton data from the 
photopeak data. A  dual-photopeak window method has also been 
implemented (King, 1992; Pretorious, 1993), and in this case the photopealc is 
divided into two energy windows and the scatter fraction in the total 
photopealc calculated from a regression relation between the counts in the 
two windows. In the multi-energy window method (Todd-Pokropelc, 1984) 
the scattering component within the photopealc energy window is calculated 
as a weighted mean of contributions from data recorded within different 
Compton windows.
In this chapter the development and implementation of a dual 
energy window correction for PET data based on the above methods are 
described.
5.2.1 Theory.
In PET, projection data acquired in an energy window centred on the 
photopeak will contain counts originating from coincidence events due to 
both unscattered and scattered photons. Data acquired in an energy window 
below the photopealc will include mostly counts originating from events 
due to scattered photons.
Consider the total acquired counts in the upper (Cu) and lower (Cl) 
energy window in each projection bin to be given by:
Cl = Clirnsc + C1sc
sc 5.1(a)
5.1(b)
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where Unsc and sc refer to the unscattered and scattered components, 
respectively. These two equations contain four unknowns, Cuunsc, Cusc, 
Clunsc and Clsc, and so additional data are required to solve them for the 
counts from unscattered events in the upper window, Cuunsc.
Two parameters are defined: the ratio of counts due to scattered 
photons in the two energy windows, Rsc, and the ratio of counts due to 
unscattered photons, R u n s c -
R sc= 5.2(a)
ClR = -■ ■unsc- 5.2(b)unac Q u \ >unsc
Equations 5.1 can then be re-arranged to give the following expression for 
scatter counts in the upper window:
Cu“= R -R C1"R -R Cu 53sc unsc sc wise
and, although a direct solution exists for Cuunsc:
R sc iCu =-— L— Cu--—   Cl 5.4unsc R -R R -Rsc unsc sc unsc
it can also be obtained by subtracting the scatter component Cusc from the 
upper energy window Cu:
Cu =Cu~Cu 5.5unsc sc
The proposed correction method therefore depends on the acquisition 
of data in two energy windows Cu and Cl, and the characterization of the 
parameters Rsc and Rimsc.
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5.3 Determination of Scattering Correction Parameters.
5.3.1 Measurement of scattering ratio function. JR™
The scattering ratio function Rsc was determined for the 953B scanner 
geometry experimentally using line sources in 150 m m  and 200 m m  
diameter water-filled cylinders. The rationale for this approach was to 
identify the transaxial variation of the scatter ratio function in objects of 
sizes resembling the human brain, and with a source spanning the whole 
axial FOV, to enable the parameter to be measured for all planes of data 
simultaneously. Rsc has also been derived using Monte-Carlo simulation of 
distributed sources, and the slot phantom (3.3.2) was used to assess Rsc in 
projection data of a distributed source experimentally.
Determination of scattering ratio function.
Data were acquired simultaneously in the standard acquisition 
window of 380-850 keV and in a lower energy window (200-380 keV). 
Summed profiles through projections of the line source centred in the 200 
m m  diameter water-filled cylinder are shown for the two energy windows 
in figure 5.1. As seen in section 4.2, the counts in the "tails" of the profile are 
due to scattering in the object, and the counts at the position of the source 
are due to unscattered events or events from photons that undergo 
scattering in the detectors. The scattering ratio function Rsc, can therefore be 
evaluated by dividing the profile in the lower energy window by the profile 
in the standard acquisition window. Rsc is shown for the 200 m m  diameter 
cylinder data in figure 5.2. Away from the immediate proximity of the 
source, the Rsc function is seen to be slowly varying within the object and 
increases rapidly outside the object boundary (±100 mm), where the 
scattering "tails" decrease in the upper energy window, but stay relatively 
constant in the lower energy window (figure 5.1).
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Figure 5.1 Profiles of summed projections in two energy windows of a line 
source centred in a 200 mm diameter water-filled cylinder.
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Figure 5.2 Ratio of profiles of summed projections in two energy windows 
of a line source in a 200 mm diameter water-filled cylinder.
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V aria tion  o f  sca tter ratio fu n c tio n  w ith  energy threshold.
The choice of lower energy window was investigated and optimised 
by scanning the line source centred in the 200 m m  diameter water-filled 
cylinder simultaneously in the standard photopeak window of 380-850 keV 
(LLD-ULD), and in a lower energy window defined by an upper threshold 
(LLD) of 380 keV, and a lower threshold (SD) reduced in 50 keV steps from 
350 keV. The profiles of summed projections for the upper energy window 
and selected lower energy windows are shown in figure 5.3. From this 
graph, it is noted that below an SD setting of about 250 keV, there is little 
change in the shape of the scattering function in the lower energy window.
The scattering ratio function for the different lower energy windows 
is shown in figure 5.4(a). For clarity, only the 4th order polynomial fits to the 
functions are shown in figure 5.4(b). Below a SD value of 200keV, little 
change is observed in the shape of Rsc. The ratio of total counts in the two 
energy windows (upper energy window / lower energy window) is shown 
in figure 5.5 for varying SD, and this also tends to a constant value below 200 
keV, consistent with the finding that the counts due to scattered 
coincidences in the lower energy window do not increase further (figure 
5.3). Since no statistical gain or change in spatial distribution is seen by 
widening the lower energy window, the windows chosen for the 
implementation of the dual energy window scatter correction are therefore 
lower energy window: 200-380 keV and upper energy window: 380-850 keV.
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Figure 5.3 Profiles of summed projections of a line source centred in a 200 
m m  diameter water-filled cylinder in two energy windows with varying SD.
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Figure 5.4(a) Ratio of profiles of summed projections of a line source centred 
in a 200 m m  diameter cylinder in two energy windows with varying SD.
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Figure 5.4(b) Fits to ratio of profiles of summed projections of a line source 
centred in a 200 cm diameter water-filled cylinder in two energy windows 
with varying SD.
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V aria tion  o f  sca ttering  ratio fu n c tio n  w ith  constan t fra c tio n  d iscrim ina tor.
For the selected energy windows of 200-380 keV and 380-850 keV, the 
number of counts due to scattered and unscattered events was measured as a 
function of CFD. Under the control of the user software, the value of the 
CFD is set automatically at acquisition time as a function of the LLD value 
(section 3.2.1). In the normal operational mode, this value is 38 (10% of 380). 
Dual energy window scans of the line source in the centre of the 200 m m  
water-filled cylinder were acquired with CFD varying from 5 to 45. The total 
counts, counts due to scattered and unscattered events, and scatter fraction 
SFfoV/ are plotted in figure 5.6(a) and figure 5.6(b) for the upper and lower 
energy windows respectively.
It is seen from figures 5.6 that the counts in the upper energy window 
are maximised at a CFD setting of 15-20. In the lower energy window, the 
counts still increase with lower CFD settings, but this is at the expense of a 
reduction in counts in the upper energy window. At the setting of 38, which 
would be selected automatically by the user software, the total counts in the 
upper energy window are 85% of their maximum, and the counts in the 
lower energy window are only 37% of their maximum. The ratio of total 
counts in the two energy windows (upper energy window / lower energy 
window) is shown in figure 5.6(c). For a CFD setting of 20, there are just over 
3 times as many counts in the upper energy window than the lower energy 
window. The CFD setting chosen for the dual energy window acquisitions of 
200-380-850 keV was 20, which maximised the count in the 380-850 keV 
window (15% gain) and also increases the counts in the 200-380 keV window 
by 1.2 relative to a setting of 38.
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Figure 5.6(g) Counts in upper energy window for varying CFD.
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Variation of scattering ratio function with radial source position.
To investigate the spatial variation of the scattering ratio function 
with respect to source position, the line source was scanned at several radial 
offsets in the 200 m m  and 150 m m  diameter water-filled cylinders. The 
simultaneous energy windows were set at 200-380 keV and 380-850 keV. 
Summed profiles through projections viewing the line source at the centre 
and at the maximum displacement for each offset are shown in figure 5.7(a) 
and 5.7(b) for the 200 m m  and 150 m m  diameter phantoms, respectively. In 
both graphs the asymmetry of the profiles is clearly visible in both energy 
windows when the line source is off-axis. The Rsc function for the line 
source at 0 mm, 40 m m  and 80 m m  in the 200 m m  diameter cylinder is 
shown in figure 5.8(a), and for 0 mm, 20 mm, 40 m m  and 60 m m  in the 150 
m m  diameter cylinder in figure 5.8(b). The same data are shown in figures 
5.9(a) and 5.9(b) with x-axes shifted so that the source position is at the origin
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Figure 5.7(a) Profiles of summed projections of a line source at different 
radial offsets in a 200 m m  diameter water-filled cylinder in two energy 
windows.
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Figure 5.7(b) Profiles of summed projections of a line source at differer, 
radial offsets in a 150 m m  diameter water-filled cylinder in two energ 
windows.
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Figure 5.8(a) Ratio of profiles of summed projections of a line source at 
different radial offsets in a 200 m m  diameter water-filled cylinder in two 
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Figure 5.8(b) Ratio of profiles of summed projections of a line source at 
different radial offsets in a 150 m m  diameter water-filled cylinder in two 
energy windows.
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in each case. The functions are seen to depend little on the source position, 
overlaying especially well inside the object (LHS of source position) despite 
the increasing asymmetry of the scatter "tails" off-centre seen in figures 5.7. 
The above finding is of particular importance, since the implemented 
correction depends on the definition of the scattering ratio function, Rsc. 
Since this function is found to be slowly varying inside the object, and shift- 
invariant, the implementation of the correction may be simplified, 
especially in comparison with methods that are based on the definition of 
the scattering response function, which is clearly shift-variant (figure 5.7).
Determination of scattering ratio parameter.
The correction procedure presented here is based on the choice of a 
constant value for Rsc. The Rsc function increases with distance from a 
source (figures 5.8), but changes little within a radius of 100 mm, and it has 
been found to be very slowly varying with source position (figures 5.9) and 
object size. In a given LOR in a distributed source the effective Rsc will be a 
combination of values due to all points in the object. For points remote 
from the LOR, Rsc will gradually increase and using a constant value 
derived from the centre of the object will underestimate the actual Rsc 
value. However, this is countered by the fact that the actual contribution of 
counts due to scattered photons from that point decreases rapidly with 
distance from it, and only small corrections need to be made.
In SPECT, where the scattering distribution in secondary energy 
windows is also dissimilar to the distribution in the photopeak window, a 
suggestion has been to convolve the secondary energy windows with a filter 
function (Todd-Pokropek, 1984). This results in the scattering distributions 
in the energy windows being similar and in the case of the PET data 
described above would result in a constant measured value of Rsc. In an 
evaluation of SPECT corrections (Gilardi, 1988) the filtering of the secondary 
energy window did not have an appreciable impact on the accuracy of the 
applied correction. Though computationally intensive, the potential for
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such a modification to the dual energy window correction to PET data 
should be explored and is suggested in chapter 8.
The value of Rsc for a line source in the centre of a phantom was 
evaluated by taking the average of 10 projection elements (approx. 30 mm) 
either side of the source location, avoiding the region of unscattered counts. 
Mean values over all planes for Rsc are shown in tables 5.1 and 5.2 for line 
sources at different radial offsets in 200 m m  and 150 m m  diameter water- 
filled phantoms respectively and individual values are applied plane by 
plane. An estimate of RUnsc/ namely the ratio of counts at the location of the 
source, is also shown in tables 5.1 and 5.2.
Line source 
offset:
Rsc (±s.d.) 
LHS
Rsc(±s.d.)
RHS
B-unsc
0 m m 0.58 ± 0.02 0.57 + 0.01 0.17
40 m m 0.56 ± 0.02 0.56 ± 0.01 0.18
80 m m 0.57 ± 0.03 0.50 ± 0.02 0.18
Table 5.1 Rscfor a line source at different radial offsets in a 200 m m  cylinder.
Line source Rsc (±s.d.) Rsc(±s.d.) Runsc
offset: LHS RHS
0 m m 0.56 ± 0.02 0.56 ± 0.02 0.18
20 m m 0.56 ± 0.01 0.55 ± 0.02 0.17
40 m m 0.55 ± 0.01 0.52 ± 0.02 0.18
60 m m 0.56 ± 0.02 0.49 ± 0.03 0.16
Table 5.2 Rscfor a line source at different radial offsets in a 150 m m  cylinder.
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5.3.2 M e a s u r e m e n t o f  u n sc a tte re d  r a tio  fu n c t io n  R unsc
The transaxial variation of the Rimsc function was determined by 
acquiring a blank scan with low activity sources in two energy windows 
with the septa retracted (3-D blank). Summed profiles through projections 
of the blank scans are shown for two energy windows in figure 5.10. Both 
profiles have higher counts at the edges of the FOV, this is due to the 
circular motion of the transmission sources which have a radius of rotation 
of 220 mm. The profiles are similar in shape, and their ratio, which is an 
estimate of the ratio of counts due to unscattered events, RunSc, is plotted in 
figure 5.11. This function is seen to be very slowly varying over the FOV, 
and its average over the central 350 m m  (scanner port) is 0.22 ± 0.01. The 
magnitude of Rimsc indicates the proportion of events from photons which, 
unscattered within the object, which deposit only part of the photon energy 
in the detecting crystal, or undergo scattering in the gantry and 
side-shielding of the scanner and are thus attributed to the lower energy 
window.
Determination of unscattered ratio parameter.
In order to avoid the considerable practical inconvenience of 
exchanging the standard rod sources in this tomograph with lower activity 
rods required to perform a 3-D blank scan due to excessive deadtime (this 
requires dismantling and removing the scanner covers), an alternative 
means of evaluating Runsc was sought. Since the Rjmsc function was found to 
be constant over the FOV, Rimsc obtained with a line source in air positioned 
in the centre of the tomograph was compared to the mean for a blank scan 
over the central 350 mm. RImSc was derived from the line source data by 
taking the ratio of counts in the peak of the projections for the two energy 
windows.
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Figure 5.10 Profiles of summed projections of a blank scan in two energy 
windows.
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Figure 5.11 Ratio of profiles of summed projections of a blank scan in two 
energy windows.
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The average values over all planes are 0.21 ± 0.07 for the blank scan and 0.22 
± 0.07 for the line source scan. The methods are comparable for this choice of 
energy windows and hence the simpler line source measurement can be 
used for determining Runsc.
Since any attempt to determine R unsc experimentally in a distributed 
source will be contaminated by scattered events, simulation can prove 
helpful in assessing its spatial variation in distributed sources. Monte-Carlo 
simulations show not only that the ratio Runsc is constant over the FOV 
when calculated from a blank scan, but that it is also constant within a 200 
m m  diameter water-filled cylinder, and has the same absolute value 
(Michel, 1991). This depends only on the choice of energy window, but not 
on the size or activity distribution of the object. The ratio of the counts at the 
position of the source tabulated in tables 5.1 and 5.2 indicate that the Runsc 
values remain constant with object size and source position.
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5.3.3 A x ia l  v a r ia t io n s  o f  th e  co rrec tion  p a ra m e ters .
The plane to plane variations of Rsc (200 m m  diameter phantom) and 
R unsc are shown in figure 5.12, and demonstrate a significant systematic 
variation. The average values for all 256 planes are Rsc: 0.51 ± 0.06 and RunSc: 
0.18 + 0.04.
The correction parameters are also displayed in a ring indexed array 
(figure 5.13). In this case, the variation is not peaked towards the centre of 
the array (as in figure 4.9) but shows a characteristic variation repeated 
within each detector block (1-8 on 1-8, and 9-16 on 9-16) and across blocks (1- 
8 on 9-16 and 9-16 on 1-8). These plots highlight the axial two-block 
structure of the tomograph and are indicative of a greater degree of partial 
energy deposition (lower peak : compton ratio) at the edge of the blocks, 
which accounts for the increase in the value of Rsc.
A  value for Rsc and R unsc has therefore to be derived for each of the 
3-D acquisition planes since these will be made up of rings having different 
combinations of block positions. Since the correction for scattering will be 
performed after normalization (see section 5.4.1), the line source scans used 
to derive the correction parameters also need to be normalized. The 
variation of Rsc (20 cm phantom) and Rimsc with plane number is shown in 
figure 5.14 after normalisation, and the plane to plane variation is seen to be 
greatly reduced. The averages for all 256 planes are 0.510 ± 0.02 and 0.179 ± 
0.02, ie. unchanged mean but significantly lower standard deviations. The 
pattern seen in a ring difference indexed array of Rsc after normalisation 
(figure 5.15), shows the Rsc values to decrease toward the centre of the FOV 
and to increase with increasing ring difference, as opposed to the block 
dependant variation seen in figure 5.13.
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Figure 5.13 Ring indexed array of Rsc(LHS) and Runsc (RHS) parameters.
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Plane N um ber
Figure 5.14 Variation with plane number of R sc and R unSc computed from 
normalised data.
Figure 5.15 Ring indexed array of Rsc (LHS) and R unSc (RHS) parameters 
computed from normalised data.
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D eterm ina tion  o f  sca ttering  ratio param eter in a d istr ibu ted  source.
When the slot phantom is scanned at the centre of the FOV, a small 
number of projections view the central region perpendicularly. If this region 
is left inactive, LORs passing through it will record counts due to scattered 
events only. The two outer compartments of this phantom were filled with 
18F solution and the phantom was scanned in dual energy window mode 
(200-380-850keV) at a trues count rate of 200 k counts s-i, a singles rate of 4.6 
M  counts s-i and with a deadtime of 12.3%. A summed, normalized 
sinogram of this phantom is shown in figure 5.16. The profiles of summed 
projections viewing the cold region perpendicularly are shown in figure 
5.17, for the two energy windows. To derive Rsc from this data, counts in the 
centre of the phantom (over5 pixels) were averaged for each plane. The Rsc 
values obtained are plotted in figure 5.18 with Rsc data from the line source 
in a 200 m m  diameter phantom for comparison. The good agreement that 
these data show indicate that the Rsc values computed from line source data 
are also applicable at the centre of distributed sources, and therefore 
anticipated to accurately estimate the scattering contribution.
Figure 5.16 Drawing and sinogram of slot phantom showing projections 
viewing the inactive central compartment B.
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Figure 5.17 Profiles of summed projections of the slot phantom in two
energy windows.
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Figure 5.18 Plane to plane variation of ratio Rsc for the slot phantom with 
data from a line source in a 200 m m  diameter phantom for comparison.
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5.3.4 S ta b i l i ty  a n d  re p ro d u c ib ility  o f  correc tion  p a ra m eters .
In this section, the reproducibility of the correction parameters is 
investigated. Since they depend on the energy response of the detectors they 
will be very susceptible to the set-up of the detectors, and need to be re­
measured each time the scanner undergoes a calibration set-up (--quarterly).
Repeat measurements of a line source in a water-filled cylinder were 
made to examine the stability of the scattering ratio,Rsc, parameters. Scans of 
10 minutes duration were acquired over 1 hour and then consecutively at 
hourly intervals. In table 5.3, the mean and standard deviation over planes 
in Rsc is shown, and the t-statistic for a paired Student T-test for the nth
Scan offset mean Rsc ± s.d t statistic significant
minutes at P 0.01 ?
0 0.561+0.024 - -
+ 10 0.559±0.024 1.690 no
+ 20 0.559±0.024 2.080 no
+ 30 0.559+0.024 1.840 no
+ 40 0.559±0.024 2.450 no
+ 50 0.559±0.024 1.860 no
+60 0.558±0.026 2.670 no
+ 120 0.55810.023 2.590 no
+ 180 0.55710.024 4.000 yes
+ 240 0.55410.024 6.440 yes
+ 320 0.55210.024 7.800 yes
Table 5.3 Mean and standard deviation of Rsc parameter averaged over 
planes for repeated scans, t-statistic of scans relative to first scan.
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measurement compared to the first scan. The final column indicates 
whether the differences in Rsc over all planes are significant.
These data shows that within a 1 hour interval the values obtained 
for Rsc are not significantly different from each other. However, over a 
longer period the differences become significant, as variations in the 
parameters are observed. One possible cause of these variations are 
temperature changes of the detectors. BGO has a high temperature 
coefficient (> -1.5% at 20 to 40 °C) and decreases in efficiency at high 
temperatures due to poorer light output (Farukhi, 1982).
The cooling of the 953B gantry is achieved by two pairs of fans located 
at the top and bottom of the scanner that take in ambient air and circulate it 
around the inside of the gantry. Thermo-couples mounted to each bucket 
(which report the local temperature with a precision of 1°C), indicate (figure 
5.19) that the temperature gradient from the top to the bottom of the scanner 
ring is a maximum of 10°C. Therefore the cooling system is inefficient at
U9
QJH3£
O)CL
6a>H
Bucket Number
Figure 5.19 Plot of temperature of individual buckets and corresponding 
temperature rise at the end of a typical scanning day.
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circulating the air around the gantry. In figure 5.19 the temperature of the 
buckets around the two rings (ring 1 - bucket 0 to 11, ring 2 - bucket 12 to 23) 
measured at the start of the day is shown shaded. Since the system is 
dependent on ambient air temperature, rises in room temperature are 
observed at the end of a typical scanning day, have an impact on the 
temperature inside the gantry and potentially on the BGO detectors 
themselves. The temperature rise recorded at the buckets at the end of a 
typical scanning day (during which the ambient temperature rose by 2.5 °C 
from 18.5 °C to 21.0 °C) is shown cross-hatched in figure 5.19. The 
temperature rises are especially marked at the top of the gantry (buckets 0-1, 
10-13, 22-23), and less so at the bottom of the gantry because of the poor air 
circulation.
It was found that the filters of the fans located at the bottom of the 
gantry had accumulated a lot of dust since the scanners installation and 
therefore had made those fans very inefficient. Cleaning the filters 
improved their efficiency and the temperature recorded at the buckets was 
reduced from 25 ± 5 °C to 22 ± 1 °C.
The variation of the counts recorded in the two energy windows and 
their ratios were measured over 14 hours after the scanning room and 
scanner had reached a temperature elevated by ~ 2 oC from the baseline. A 
uniform 68Ge cylinder was scanned for 10 mins at hourly intervals, and the 
temperature of the buckets recorded. In figure 5.20(a) the total true counts 
recorded in the upper and lower energy windows are plotted, and it is 
apparent that for an increase in counts in the upper energy window there is 
a corresponding decrease in the lower energy window. The variation in 
counts in the upper energy window is up to 3% in this study, and this 
corresponds to a 10% variation in the lower energy window. In figure 5.20(b) 
the variation of the ratio of the total counts in the two windows is plotted 
against time and the mean change in the bucket temperature is also plotted. 
From these two graphs it is seen, as expected, that the upper energy window 
counts increase as the temperature is lowered. The corresponding drop in
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Counts
lower energy window counts is due to events that now meet the energy 
criterion for the upper energy window. The resultant change in the ratio of 
the two window tracks the temperature change, and the maximum 
variation is -10%.
Variations such as described above in the total counts recorded in 
selected energy windows will have a detrimental impact on the accuracy of a 
correction for scattering which is based on the measurement of parameters 
that relate the number of counts in two energy windows.
5.4 Implementation of Correction.
As in single energy window PET acquisition, the purpose of 
normalisation in dual energy window acquisition is to reduce non­
uniformity distortions in the detector responses to acceptable levels (Msaki, 
1993). Different energy windows will have differing relative efficiencies to 
the wide spectrum of photon energies incident on them. Since a constant 
value for the correction parameters is computed for each sinogram, the data 
must be normalised prior to correction for scattering.
The dual energy window correction for scattering was integrated into 
the reconstruction procedure for 3-D data acquired on the 953B scanner 
(section 3.2.6):
both energy windows are read into memory and normalized 
(2 minutes on a SparcStation 2)
the correction for scattering is then applied (2-3 minutes) followed by: 
attenuation correction (1 minute) 
reconstruction of 2-D images (1 minute) 
forward-projection of the synthetic data (6 minutes)
3-D reconstruction of final images (11 minutes).
I l l
The times indicated taken for each step relate to the 2 SuperCards 
installed on a SparcStation 2 (section 3.2.5). The correction for scattering thus 
carries an overhead of 3 minutes including normalisation. The integrated 
implementation minimises the logistical impact of performing the 
correction and no additional data (such as a data set corrected for scattering) 
needs to be stored.
The correction for scattering itself has been coded in C language and 
requires 3 inputs:
the dual energy window emission data 
a file containing Rsc values for all 256 planes 
a file containing RMnsc values for all planes.
Summary.
A  correction for scattered photons based on the acquisition of PET 
projection data in two adjoining energy windows was developed in this 
chapter. The unscattered component in the photopeak window can be 
extracted if the ratio between counts due to scattered photons in the two 
windows and the ratio between counts due to unscattered photons are 
defined for each LOR.
The choice of energy window was bounded by a fixed value of LLD 
(380 keV), since this was used in standard data acquisition. In this way, the 
dual energy window data collection did not interfere with routine scanning. 
The SD and CFD were optimised to collect maximum counts in the lower 
energy window.
The scattering ratio function, Rsc, was found to have similar radial 
profiles for different positions of a source in a water-filled cylinder, despite 
the varying degrees of asymmetry in the scattering response function, as 
seen in the previous chapter. The simplification of taking a constant value 
for the correction parameters was introduced, and shown to be an acceptable 
approximation in head-sized objects.
Plane-to-plane variations in the values of the correction parameters,
112
Rsc and Runsc, were minimized by normalizing the data for differences in 
detector efficiency. However, systematic variations in detector response due 
to effects such as temperature drifts caused variations of up to 10% in the 
correction parameters.
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6. Evaluation of Correction for Scattering.
In this chapter the performance of the dual energy window correction 
for scattering is evaluated in a range of test objects and scanning conditions. 
The impact of the correction on uniformity and noise, contrast and linearity 
is investigated with appropriately selected phantoms. The calibration of 
corrected images is described and applied to a phantom study with a range of 
radioactivity distributions.
6.1 Uniformity and Noise.
6.1.1 Transaxial variation.
An acquisition of the 200 m m  diameter 68Ge phantom with high 
counting statistics is described in this section to illustrate the effect of the 
scattering contribution in reconstructed images of a distributed source and to 
demonstrate the restoration of uniformity after correction for scattering.
The phantom was scanned at the centre of the FOV in dual energy 
window 3-D acquisition mode (SD = 200 keV, LLD = 380 keV and ULD = 850 
keV) for 4 hours, at a trues count rate of 69 k counts s-1, a singles count rate 
of 1.5 M  counts s-1 and with a scanner deadtime of 4%, to collect a total of 
l.OxlO9 true counts. Detector efficiency normalisations, computed for both 
energy windows, were applied to the data before correcting for counts due to 
scattered photons (scattering). The data were corrected for scattering by 
applying equation 5.4 (method 1) using Rsc and RUMSC parameters measured 
as described in section 5.3.3. The data were also corrected by applying 
equations 5.3 and 5.5 (method 2), where the scattering estimate is evaluated 
and subtracted from the upper energy window projection data. The same 
parameters Rsc and Runsc were applied. The data were normalized for 
geometrical efficiency effects and a calculated attenuation correction was 
applied. The uncorrected and corrected data were reconstructed into 31
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Uncorrected Corrected
Method 1 Method 2
Figure 6.1 A reconstructed image (central plane) of the 200 m m  diameter 
phantom before and after correction for scattering. Each image is scaled to its 
own maximum value.
image planes with a fully 3-D filtered backprojection using a ramp filter.
Reconstructed images of this phantom are shown in figure 6.1 for a 
plane located at the centre of the axial FOV before and after correction for 
scattering. There is a gradual increase of counts in the uncorrected image 
towards the centre of this uniform object and the uniformity of the image 
has been visibly improved after correction. The annular background of 
counts seen in the uncorrected image outside the object is due to the 
scattering backgound, and its extent is delimited by the normalisation FOV.
A circular ROI placed over 60% of the object (a radius of 60 m m  in 
this case) is commonly used to derive a calibration factor (Paans, 1989; Reist, 
1989; Guzzardi, 1991). Mean counts s-1 pixel-1 for such a region are tabulated 
in table 6.1, demonstrating a 45% reduction in mean counts after correction 
for scattering. Both correction methods produce identical results as expected, 
and take the same time to perform (~ 60 s on a Sun SparcStation 2).
To assess the radial variation in uniformity and noise in the images 
of this cylindrically symmetrical object, concentric annular ROIs of 10 m m  
width at increasing radii were calculated before and after correction for 
scattering (method 1) and are shown in figure 6.2.
115
mean ROI 
counts S'1 pixel-1
standard
deviation
coefficient of 
variation (%)
Uncorrected 0.00191 0.00016 8
Corrected - Method 1 0.00106 0.00022 20
Corrected - Method 2 0.00106 0.00022 20
Table 6.1 ROI calculated on a central image plane of the 200 m m  
diameter phantom before and after correction for scattered events.
Distance [cm]
Figure 6.2 Annular ROIs on a reconstructed image (central plane) of the 
200 mmdiameter cylinder before and after correction for scattering.
Figure 6.2 graphically illustrates the increase in the contribution of 
counts from events due to scattered photons toward the centre of the object 
in the uncorrected image and the significant improvement in uniformity 
after correction. The coefficient of variation of the mean values over all 
ROIs is 11% before correction and 0.5% after correction. The standard
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deviation of the counts in each of the annular ROIs (shown as error bars on 
figure 6.2) is however greater after correction for scattering (averaging a 
factor of 2) and so although uniformity has been restored, it has been at the 
expense of a large increase in the noise in the images.
Noise Analysis.
The pixels in a filtered backprojected image are highly correlated, 
often masking the analysis of the statistical noise properties across an image. 
To assess, in detail, the impact of the correction for scattering on noise, and 
to evaluate the effects of any pre-processing applied to the data, the variance 
of counts in the projection data can be examined directly (Barney, 1994).
The variance of projection pixels depends on the total counts, 
including true, scattered and random events. For a cylindrically symmetrical 
object the expected number of events is the same for each projection 
acquired. The statistical noise in each projection however is independent so 
that the set of projections can be used as a sample from which the statistical 
noise properties of the data can be estimated.
The variance of the corrected projection counts, G2(Cuunsc), can be
estimated from the variance of the upper energy window counts, o2(Cu),
and the lower energy window counts, o2(Cl) by taking partial derivatives of 
equation 5.3 (method 1) to evaluate the variance of Cuunsc due to changes in 
Cu and Cl, and adding the squares of the derivatives:
For method 2, which applies equation 5.4 followed by 5.5, the variance of the 
scattering estimate projection counts is given by:
2 2
2 R >  (Cu) + o  (Cl)
6.1
6.2
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The variance of the scatter corrected projection counts, o2(Cuunsc) is then 
given by:
cACu,mSc) =o2(Cu) + 02(CuJ 6.3
An acquisition plane from the 200 m m  diameter 68Ge phantom scan 
is used to illustrate the applicability of the above derivations to real data. For 
this phantom scan, 96 projections were acquired (section 3.2) and the mean, 
standard deviation and variance of the counts of the central projection for a 
central direct sinogram plane are tabulated in table 6.2, for the upper and 
lower energy windows Cu and Cl, the scattering estimate Cusc, and the data 
corrected for scattering Cuunsc. The Rsc and Runsc values used for this plane 
were 0.54 and 0.23, respectively.
Mean Standard deviation 
(measured)
Variance 
measured predicted
Cu 197 12 144
Cl 67 7 49
Cusc 77 19 361 589
CUunsc 120 27 729 947
Table 6.2 Means, standard deviations and variances of central projection 
counts (200 m m  diameter phantom).
The variance of the corrected projection counts Cuunsc has been increased by 
a factor of 5 relative to the uncorrected data. The predicted mean value for 
C u unsc agrees with the measurement, though from equation 6.1 the 
variances of the scattering estimate Cusc and the data corrected for scattering 
Cuunsc are both predicted to be higher than the measured values (a factor of
118
1.3 and 1.6). This discrepancy may to be due to the rounding of floating point 
values during the processing of the sinogram data, since these are stored as 
scaled integers.
6.1.2 Effect o f  pre-processing.
The increase in the noise due to the correction for scattering is a 
fundamental result of the statistical quality of the two energy windows. Any 
filtering of the data in either energy window will have an impact on this 
noise increase, and the approach that was investigated here is of smoothing 
the projection data prior to reconstruction.
A  common smoothing filter that is applied to sinogram data is a 
convolution with a 9 x 9 point 2-D Gaussian kernel. This filter has been 
applied both to the lower energy window data and also to the scattering 
estimate. The contribution to the lower energy window data from events 
due to photons that do not undergo scattering in the object is not negligible. 
Since these lead to counts that are deemed correctly registered, smoothing 
the lower energy window data prior to reconstruction will have a 
detrimental effect on spatial resolution and cause artefacts at object 
boundaries in the corrected data. On the other hand, the scattering 
contribution is broad and unstructured, and by applying equation 5.4, it is 
possible to apply the smoothing to the estimate of the scattering component 
instead. Two other smoothing filters have also been investigated: a 9 point 
2-D median filter and a 9 point 1-D Gaussian filter (applied to the sinogram 
only in the vertical direction), since these filters will not degrade the 
transaxial resolution.
The plane of sinogram data used in table 6.2 is also used here to 
illustrate the effect of smoothing. In figure 6.3, the standard deviation of the 
central projection bin counts in the scattering estimate is shown for the 
different filters applied: the median filter, the 1-D Gaussian and the 2-D 
Gaussian.
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Figure 6.3 Standard deviation of central projection counts in scattering 
estimate sinograms of the 200 m m  diameter cylinder with iterations of 3 
types of smoothing.
smoothing having been applied. The greatest noise reduction was obtained 
by applying the 2-D Gaussian filter. Applying this filter once reduced the 
standard deviation of the data by a factor of ~ 4.
The effect of smoothing either the scattering estimate (method 2) or 
the lower energy window (method 1) on the standard deviation of the upper 
energy window data corrected for scattering is shown in figure 6.4. The first 
bar and lower horizontal mark on this figure correspond to the standard 
deviation of uncorrected data and the second bar and upper horizontal mark 
correspond to the standard deviation of data corrected without any 
smoothing. The greatest noise reduction was obtained by applying the 
Gaussian filter to the scattering estimate: a single iteration reduced the 
standard deviation of the corrected data to 14.5, a factor of only 1.1 higher 
than the uncorrected data in this example. After 3 iterations, the increase in 
standard deviation is only a factor of 1.03. Smoothing is however very
The first bar represents the standard deviation of the data without any
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Figure 6.4 Standard deviation of central projection counts on sinograms 
of the 200 m m  diameter cylinder after correction with different number of 
smoothing applied to the lower energy window or the scattering estimate.
computationally intensive, and in practice the filter is only applied once, 
adding 80 s to the time taken to perform scattering correction on a Sun 
Sparcstation 2.
The effect of smoothing the estimate of the scattering contribution on 
the transaxial variation of image counts is illustrated in figure 6.5. The 
original data are the same as in figure 6.1, and the central reconstructed 
image plane is shown before and after correction for scattering with a single 
smoothing (9x9 point Gaussian filter) applied to the scattering estimate. 
Again, uniformity has been restored in the corrected image, but the image 
now appears less noisy than the corrected images shown in figure 6.1.
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,< -100*
I—1<-0*
Figure 6.5 Reconstructed image of the 200 mm diameter cylinder before 
and after scatter correction with smoothing of scattering estimate.
M ean counts s*1 pixel*1 for a 60 m m  radius circular ROI are tabulated  
in table 6.3 for the images show n in figure 6.5.
A nnu lar ROIs calculated at different radii on the above im age are 
show n in figure 6.6. W hen this g raph  is com pared to figure 6.2, it is seen 
th a t the s tan d a rd  dev ia tion  of the counts in the an n u lar ROIs is now  
reduced to the sam e level as before correction for scattering.
m ean ROI standard coefficient of
counts s*1 pixel*1 d ev ia tion varia tion  (%)
U ncorrected 0.00191 0.00016 8
Corrected - M ethod 2 0.00106 0.00011 10
Table 6.3 RO I calculated on a central image plane of the 200 mm  
diameter phantom before and after correction for scattered events with  
sm oo th ing .
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Figure 6.6 Annular ROIs on a reconstructed image (central plane) of the 
200 m m  diameter cylinder before and after correction for scattering.
6.1.3 Effect of object size.
The correction was also applied to data collected from a 150 m m  
diameter cylinder filled uniformly with 18F solution. This phantom was 
scanned for 20 minutes at a trues count rate of 114 k counts s-1, a randoms 
rate of 14 k counts s-i, a singles rate of 1.85 M  counts s-i, and with a scanner 
deadtime of 5.5%. Images of this phantom reconstructed before and after 
correction are shown in figure 6.7. Though the effect of scattering in the 
uncorrected image is less pronounced, the corrected image shows good 
uniformity. Annular ROIs calculated at increasing radii are plotted in figure 
6.8 versus distance from the centre of the object and show that the correction 
is equally successful at restoring uniformity in the 150 m m  diameter 
phantom. These data, obtained using 18F solution instead of 68Ge, are 
relatively noisier than the data from the 200 m m  phantom due to the 
shorter scan duration.
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Figure 6.7 Reconstructed image of the 150 mm diameter cylinder before 
and after scattering correction with smoothing of scattering estimate. Each 
image is scaled to its own maximum value.
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Figure 6.8 Annular ROIs on a central reconstructed image of the 150 mm 
diameter cylinder before and after scattering correction with smoothing of 
scattering estimate.
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6.1.4 A x ia l  v a r ia tio n .
The axial variation of image counts (averaged over a 60 m m  diameter 
ROI) evaluated on the uncorrected and corrected images of the 200 m m  
diameter phantom is shown in figure 6.9. For both uncorrected and 
corrected data there is an increase in noise at the edges of the axial FOV. 
There is also a systematic and reproducible oscillation in the mean counts at 
the edges of the FOV, with the end-planes (1 and 31) showing a decrease of 
up to 10 %  and the adjacent planes (2 and 30) showing a slight increase. This 
is an effect of the reconstruction algorithm, which is also seen when tested 
with synthetic data (Townsend, 1991). The effect is due to the abrupt 
truncation of the 2-D projections of the cylinder in the axial direction 
acquired at large ring differences in 3-D (section 2.7.2). An empirical solution 
to this problem is to scale the individual images after reconstruction to 
restore the axial uniformity. This is a procedure which has also been carried
Plane number
Figure 6.9 Axial variation of ROI on reconstructed images of the 200 m m  
diameter cylinder before and after correction for scattering.
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out on 2-D data (Spinks, 1989), although in this case the effect leading to 
non-uniform axial variations is much smaller (<7%), and the correction can 
be applied to a scaling factor stored for each plane in a normalisation data 
set. For the 3-D data, the axial scaling has to be applied after reconstruction, 
since there is no appropriate level in the normalisation procedure for the 
introduction of a plane to plane correction factor.
The axial variation is increased after scattering correction (from ±3% 
to ±5%). This variation is systematic and reproducible and could be due to a 
number of reasons, such as an incorrect normalisation of the dual energy 
window data sets, or inappropriate application of the scattering correction 
parameters. It is also possible that the limited axial extent of the line sources 
used in the measurements of the correction parameters contribute to this 
effect. Again, the approach that has been taken in practice is to scale each 
image data set after reconstruction. The scaling parameters are derived from 
ROIs calculated on each reconstructed plane, normalised to the mean of 
ROIs over all planes and inverted.
6.1.5 Effect of scan duration.
The phantom data of high statistical quality described in the previous 
sections have been useful in demonstrating certain aspects of the 
implemented correction for scattering: the restoration of uniformity, the 
noise reducing effect of smoothing the scattering estimate and axial 
variations. The testing of the correction in statistically limited data is 
relevant to clinical studies, where early acquisition frames of short duration 
may contain few counts, and activity concentrations have reduced 
significantly due to radioactive decay in later frames.
Dual energy window acquisitions of the 200 m m  diameter 68Ge 
phantom were performed for different scan durations (0.2, 0.4, 0.8, 1, 2, 5, 15, 
30, 45, 90, 120 and 240 minutes) to assess noise propagation in the scattering 
correction for different count densities (the effect of different count rates is 
presented in section 7.2). The trues count rate for these studies was 69 k
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Figure 6.10 Reconstructed images (central plane) of the 200 m m  diameter 
68Ge phantom at different count densities.
counts s*1, the singles count rate 1.5 M counts s*1 and scanner deadtim e 4%. 
Im ages of a central plane for the acquisitions of different duration  are show n 
in  figu re  6.10. A lthough  the  sh o rt acqu isition  im ages are no isy , the 
uniform ity across all images is restored after correction.
To assess the p ropagation  of noise by the correction for the different
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count densities, the sinograms were analyzed directly as described in 
sections 6.1.1 and 6.1.2. The mean counts before and after correction for 
scattering, Cu and Cuunsc, for the central projection bins of the phantom, are 
shown in figure 6.11. In this case, data from all direct acquisition planes 
were averaged. The ratio of the counts (Cuunsc/Cu) is also plotted. This ratio 
remains constant (0.62 ± 0.01), though the systematic decrease for the later 
scans may be indicative of a drift similar to that described in section 5.3.4. 
Figure 6.12 shows the standard deviations of the projection counts before 
and after correction, a(Cu) and a(Cuunsc), and the % increase for all scans. 
The increase in standard deviation does not vary systematically with scan 
length and averages 9 %.
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Figure 6.11 Mean counts of central projection bins of the 200 m m  diameter 
68Ge phantom before and after scattering correction.
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Figure 6.12 Standard deviation of counts in central projection bins of the 
200 m m  diameter 68Ge phantom before and after scattering correction.
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6.2 Constrast, Linearity and Quantification.
6.2.1 Cold spo t phantom.
Cold spot phantoms, in which a water-filled target is scanned in an 
active background, are standard test objects for determining contrast in 
reconstructed images (Hoffman, 1986; Paans, 1989). The cold spot should 
have a sufficiently large diameter to be completely resolved by the PET 
scanner to avoid partial volume effects, and the ROI taken to evaluate the 
image counts in the cold spot should be small enough so as not to be affected 
by spill-over from adjacent active regions, ie. at least 2 x F W H M  from any 
boundary.
The contrast C between an active and cold region is defined here as: 
C =  ( K ~  A c)/(A„ + Ac) 6.4
where A a and A c refer to the image counts in ROIs calculated in the active 
and cold regions, respectively. In this section the results of applying the dual 
energy window correction for scattering on three phantoms with cold spots 
of different size (50 mm, 75 m m  and 150 m m  diameter) are presented.
A  50 m m  diameter water-filled cylindrical insert was scanned at a 
radial offset of 50 m m  in the 18F filled 200 m m  diameter phantom, at a trues 
count rate of 113 k counts s-i, singles rate 2.3 M  counts s-i and deadtime 5%, 
to collect a total of 6x108 true counts. The 100 m m  diameter insert was 
scanned at 50 m m  offset, at a trues rate of 199 k counts s-i, singles rate 5.3 M  
counts s-1 and deadtime 13.5%. The outermost compartment of the Utah 
phantom was filled with i8F solution, leaving the interior to act as a 150 
m m  diameter cold spot. Reconstructed images of central planes of these 
three scans are shown in figure 6.13 before and after correction for scattering. 
The loss of contrast is visible in the top row of images where no correction 
for scattering has been applied.
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50 m m  100 m m  150 m m
cold spot cold spot cold spot
Figure 6.13 Reconstructed images (central plane) of cold spot phantoms, 
before (top row) and after (bottom row) correction for scattering. Each image 
is scaled to its own maximum value.
ROIs located in the cold spot (25 m m  diam eter) and in the active background 
(50 m m  diam eter), w ere averaged over all planes and are show n in table 6.4. 
For the phan tom  w ith  the 150 m m  diam eter cold spot, the annu lar ROI in 
the active annulus had  diam eter 5 mm.
Cold Spot D iam eter U ncorrected Corrected
50 m m 0.45 ± 0.03 1.02 ±0.08
100 m m 0.50 ± 0.02 1.04 ±0.07
150 m m 0.78 ± 0.02 1.00 ±0.02
Table 6.4 Contrast values for cold spot phantom images before and after 
correction for scattering.
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The contrast obtained with the 50 m m  cold spot (0.45) results from a 
cold spot to background ratio of 0.38 (±3) and can be compared to the ratio of 
0.07 obtained in 2-D images for a similar scan with the septa extended 
(Spinks, 1992). Thus, with 3-D acquisition the contribution of scattering in a 
cold spot is greatly increased. The correction for scattering in 3-D has 
restored the contrast to within better than 5% for a range of cold spot 
geometries and this is comparable to the value obtained in the 2-D images.
6.2.2 3 -com partm ent phantom s.
Phantoms with inserts of different activity concentrations are used to 
assess relative activity concentrations in distributed sources. In this section, 
such phantoms are used to investigate the restoration of relative activity 
concentrations after correction for scattering and also to assess the 
performance of the correction in the axial direction. The phantoms 
described in this section comprise 3 separate compartments: a large 
background cylinder and two smaller cylindrical targets, that can be 
independently filled. Samples taken from each compartment are counted in 
a calibrated well counter to determine relative activity concentrations with a 
high degree of accuracy.
An acquisition was performed with the inserts positioned in the 18F~ 
filled 200 m m  diameter cylinder, the larger insert water-filled and the 
smaller insert filled with 18F solution. The activity ratios of the hot target : 
background : cold spot were 4.13 : 1 : 0. The trues count rate at the start of the 
scan was 66 k counts s-i, the singles rate 1.4 M  counts s-1 and deadtime 3.9% 
and total true counts collected 3.4xl08.
The same inserts were also scanned in the 150 m m  diameter cylinder, 
and in this case, the trues count rate was 92 lc counts s-l, the singles rate 1.5 
M  counts s-l, deadtime 4.3% and total trues collected 2.8xl08. The activity 
ratios for this scan were 3.91 : 1 : 0. Reconstructed images of these phantoms 
illustrating planes viewing the different targets present are shown before 
and after scatter correction in figure 6.14 and 6.15. The uniformity of the
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Figure 6.14 Images o f the 200 mm diameter 3-compartment phantom  
before (top row) and after (bottom row) scattering correction illustrating  
planes viewing all compartments.
Figure 6.15 Images of the 150 mm diameter 3-compartment phantom  
before (top row) and after (bottom row) scattering correction illustrating  
planes viewing all compartments.
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Figure 6.16(a) Axial variation of ROIs calculated in cold, hot and background 
areas on uncorrected images of the 200 m m  diameter 3-compartment 
phantom.
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areas on corrected images the 200 m m  diameter 3-compartment phantom.
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different compartments is visibly improved after correction for scattering. 
The small "stalk" to which the hot spot insert is attached is seen in the 200 
m m  phantom images. A  small inactive notch, visible at the bottom of these 
images, is a perspex guiding tube on the inner wall of the 200 m m  diameter 
phantom.
Circular ROIs placed over each compartment were calculated on all 
planes and their axial variation is shown in figures 6.16 and 6.17. Figure 
6.16(a) and 6.17(a) show the axial variation of the ROIs taken on the 
uncorrected data and figures 6.16(b) and 6.17(b) refer to data corrected for 
scattering. The ROI values have been normalised relative to the mean value 
for the ROI taken in the background region, and solid lines on the graphs 
indicate the relative activity concentrations of the samples measured in the 
well counter. In both figures 6.16(a) and 6.17(b), the uncorrected data show 
not only an overestimate in the cold spot relative to the background, but 
also an underestimate of the contrast of the hot spot to the background. 
After scatter correction, both these contrasts have been restored in both 
phantoms (figures 6.16(b) and 6.17(b)). In figure 6.16(b), the ROI in the hot 
spot location (symbol •) is lower than the expected value of 1 for planes 1 to 
12. This is because the region includes the small inactive "stalk" supporting 
the hot spot which is viewed by planes 16 to 22. These figures also 
demonstrate the ability of the correction to restore the relative activity 
concentration over the entire axial FOV by performing equally well over all 
image planes.
The mean ROI values over all the planes which contained the 
compartment of interest are tabulated in tables 6.5 and 6.6 to summarize 
these data. Before correction the relative activity concentration of the hot 
target is underestimated and this relative activity concentration is restored 
to within 1% in the 200 m m  cylinder and to within 4 %  in the 150 m m  
cylinder. The cold spot to background ratio is also restored to within 3 %  of 
its true value after correction.
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region true ratio uncorrected ratio corrected ratio
hot target 4.13 9.8 (± 0.3) x 10-3 3.50 9.0 (± 0.3) x 10-3 4.09
background 1 2.8 (± 0.2) x 10-3 1 2.2 (± 0.2) x 10-3 1
cold spot 0 5.0 (± 0.3) x 10-4 0.18 7.0 (± 0.4) x 10-5 0.03
Table 6.5 Mean ROI values on 200 
phantom, and relative activity ratios.
m m diameter 3-compartment
region true ratio uncorrected ratio corrected ratio
hot target 3.91 4.6 (± 0.1) x 10-3 3.07 3.9 (± 0.1) x 10-3 3.79
background 1 1.5 (± 0.1) x 10-3 1 1.0 (± 0.1) x 10-3 1
cold spot 0 4.0 (± 0.4) x 10-4 0.27 3.3 (± 0.4) x 10-5 0.03
Table 6.6 Mean ROI values on 150 m m  diameter 3-compartment 
phantom, and relative activity ratios.
One limitation of using relative activity concentrations to assess 
scattering correction and quantification is that relative errors and offsets can 
be masked since the results depend on the particular choice of a reference 
region. The data can therefore be misleading, as in tables 6.5 and 6.6, where it 
would appear that, before correction for scattering, the hot spot activity 
concentration had been underestimated, whereas it is really the background 
that has been overestimated due to scattering contribution to it from the hot 
spot. A  more rigorous approach to assessing quantification will be described 
in section 6.2.6 where an absolute calibration of the phantom data is 
performed.
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6.2.3 P ie  p h a n to m .
The pie phantom  w as used to s tudy  the linearity of response of the 3- 
D reconstruction  and  scattering  correction over a w ide range of activ ity  
concentrations. Its 12 segm ents w ere filled w ith  i 8F so lu tion  of d ifferent 
activity  concentrations, w ith  one segm ent containing no activity. The trues 
count rate  at the s tart of scan w as 120 k counts s-1, the singles rate 2.3 M 
counts s-l, and  scanner dead tim e 6.3%. R econstruction before and  after 
co rrec tion  for sca tte rin g  w as p e rfo rm ed  using  calcu la ted  a tte n u a tio n  
correction. Two sam ples taken from each segm ent w ere m easured in a well- 
counter and their m ean values com pared w ith  the m ean values for w edge- 
sh ap ed  ROIs p o sitio n ed  over each segm ent. Since the p h an to m  has 
co n stan t d is trib u tio n  of activ ity  for all p lanes, all im ages w ere  ad d ed  
together. Sum m ed images are show n in figure 6.18, and the ROIs counts are 
p lo tted  in figure 6.19 against the well counter counts.
Figure 6.18 Reconstructed images (summed) of pie phantom before (LHS)  
and after (RHS) scattering correction. Images are scaled to their individual 
maxima.
The in tercepts and  slopes of the linear fits to the uncorrected and  corrected 
values, show n  on figure 6.17, ind icate  a good linear response  of the 
reconstructed activity concentration, w ith  an offset of 10 % of the m axim um
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Figure 6.19 Mean ROIs counts calculated in segments o f pie phantom  
plotted against well counter counts.
ROI value for the uncorrected data. The standard deviation of the ROIs is 
greatly reduced after scatter correction because of the improvement in the 
radial uniformity that is visible in the images.
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6.2.4 C o ld  s lo t  p h a n to m .
The 3 compartments of the cold slot phantom were filled with 18F 
activity solution with a concentration ratio of 1 : 0 : 2.93. The trues count rate 
at the start of the scan was 200 k counts s-i, the randoms rate 69 k counts s_1, 
the singles rate 4.6 M  counts s-* and the scanner deadtime 12.3%. This 
phantom is particularly instructive, since, it can demonstrate the 
effectiveness of correction for scattering directly from projection data of a 
distributed object. Since this phantom is cylindrical, all direct sinogram 
planes can be summed to improve the statistical quality of the image for 
analysis. The transaxial variation of the projections (uncorrected, scattering 
estimate and corrected) viewing the cold compartment perpendicularly is 
shown in figure 6.20. Although the scattering estimate at the centre of the 
phantom is accurate, it is overestimated at the very edges of the phantom 
and outside the phantom, especially on the left-hand side (furthest away
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Radial Projection Element
Figure 6.20 Radial variation of projection counts in cold slot phantom 
sinograms on uncorrected data, scattering estimate data and corrected data.
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from  the ho ttes t p a rt of the p h an tom  w hich gives rise to m ost of the 
scattering  contribution). This resu lts from  using  a constant value for the 
c o rre c tio n  p a ra m e te r  Rsc ac ro ss  th e  p ro jec tio n . H o w ev e r, a f te r  
reconstruction , this over-correction does not significantly com prom ise the 
accuracy of the correction in the im ages, and no artefacts are seen in the 
im ages of the phantom  w hich are show n in figure 6.21.
< 7 - 0 %
Figure 6.21 Images of cold slot phantom before (LHS) and after (RHS)  
correction for scattering.
6.2.5 Out-of-FOV activity.
A n im portan t challenge for scattering corrections developed for 3-D 
PET data  is the ability to correct for counts tha t orig inate from  scattered  
events ou tside the FOV. A lthough all the phantom s described in sections
6.2.1 and  6.2.2 above have axially asym m etric activity  d is trib u tio n s  and  
extend outside the FOV, a m ore direct illustration of the effect of out-of-FOV 
scatter is to place an active phantom  so that it extends som e w ay outside the 
axial FOV, and  place an inactive phan tom  inside the FOV to p rov ide  a 
source of scattering m edium .
The 200 m m  diam eter 68Ge phan tom  w as positioned  a th ird  of the 
w ay (30 mm) into the scanner FOV, and a water-filled 200 m m  diam eter w as 
juxtaposed to the active phantom . The trues count rate for this arrangem ent
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F igure  6.22 Reconstructed images o f a plane v iew ing  the 68Ge phan tom  
and adjacent inac tive  planes before (top row ) and a fte r (bottom  row ) 
corrrection  fo r  scattering.
was 24 k counts s-1 (compared to 69 k counts s-1 w ith  the 68Ge phantom  
centered in the FOV), the randoms rate was 3 k counts s-l, the dead time 27% 
and the singles rate 0.9 M  counts s-L Figure 6.22 shows image planes in  the 
w ate r-filled  phantom and in  the 68Ge phantom before and after scattering 
correction. In  figure 6.23 the axial varia tion  of a 60 mm diameter ROI is 
p lotted. These data demonstrate the removal of out-of-plane and out-of- 
FOV activ ity  by the scattering correction. The correction is accurate for this 
geometry, whereas correction methods based on an estimate of the scattering 
function have been shown to underestimate scattering in  this object.
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6.3 Calibration.
The ca libration procedure denotes the transform ation o f the p ixe l 
(more correctly the voxel) values in  the image to values o f absolute activ ity  
concentrations expressed in  Bq-i m l-i. 3-D image data were calibrated by a 
method sim ilar to that applied to the standard 2-D PET data acquired on the 
953B scanner, where mean images p ixe l counts in  a reconstruction o f a 
u n ifo rm  cy lin d rica l phantom  are compared to calibrated w e ll counter 
counts o f samples taken from  the phantom. The scanner : w e ll counter 
cross-calibration factor (CCF) fo r each plane is obtained from  the mean 
image counts Q  (counts s-l p ixeH ) (corrected for the decay of the isotope for 
the duration of the scan) and the w e ll counter counts Cw (counts s-l m H ) by:
CCF = Q  (counts s-l p ixeH ) /  Cw (counts s-l m H ) 6.5
The absolute sensitiv ity o f the w e ll counter is known (in counts s-l kBq-i) 
and so images can be calibrated to units o f counts s-l p ixe l-i kBq-i m H  by 
d iv id in g  the image p ixe l counts by the CCF and d iv id in g  by the absolute 
sensitiv ity o f the w e ll counter.
The 200 m m  phantom  was fille d  w ith  18F so lu tion and samples o f 
the solution were counted in  a well-counter. The phantom was scanned for 
20 minutes at a trues count rate at start o f scan of 64 k counts s-l, a randoms 
rate o f 7 k counts s-l, a singles rate o f 1.25 M  counts s-l, and scanner 
deadtime of 3.8%. The mean w e ll counter counts s-l m H  (Cw) o f the samples 
was 1005.1 ± 7.3. The acquired data were normalized, corrected for scattering 
and attenuation and reconstructed. The mean image counts C* in  120 m m  
diameter ROIs calculated on all planes was 9.35 (±0.46) x 10-4. The factor that 
is applied to correction for the decay of 18F during the scan duration is 1.065 
and so the mean CCF obtained from  this data set is 9.90 (±0.48) x 10-7.
To assess the effect of object size on the calibration factor, the 150 mm 
diam eter cy linder was also fille d  w ith  i 8F so lu tion and scanned fo r 20 
m inutes at a trues count rate o f 114 k  counts s-l, a randoms rate of 14 k
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counts s-i, a singles rate of 1.85 M  counts s-i, and a scanner deadtime o f 5.5%. 
Correction fo r scattering in  th is case was performed w ith  Rsc parameters 
derived  from  line  sources in  150 and 200 mm diam eter w a te r-fille d  
cylinders. The mean w e ll counter counts s-1 m H  Cw o f the samples were
2728.2 ± 15.2. The mean image counts Q  in  90 mm diameter ROIs calculated 
on a ll planes for the data that was corrected w ith  150 mm parameters were 
2.54 (±0.11) x 10-3, and the mean CCF obtained from  this data set is 9.91 
(±0.43) x 10-7, w h ich  is in  excellent agreement w ith  that obtained from  the 
200 m m  phantom.
W hen the 200 m m  Rsc parameters were used in  the correction fo r 
scattering, the mean image counts Q  in  90 mm diameter ROIs calculated on 
all planes was 2.46 (±0.11) x 10-3, and the mean CCF obtained from  this data 
set is 9.61 (±0.43) x 10“7. This indicates that the error incurred in  correcting 
objects of diameter 150 m m  fo r scattering w ith  parameters derived from  a 
200 m m  cylinder is of the order of 3%.
The calibration factors fo r the 200 m m  and 150 m m  phantoms are
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shown as a function of plane number in  figure 6.24. The characteristic axial 
varia tion  is seen to be sim ilar fo r both phantoms, and the plane to plane 
correction that has been derived em pirica lly is therefore applicable to both 
objects.
A  check of the calibration has to be performed regularly to account for 
long term instabilities of the scanner, and this is done on a weekly basis 
w ith  an acquisition of the 68Ge phantom  and a standard 68Ge sample 
counted in  the w e ll counter.
6.3.1 U ta h  P han tom .
In  this section the calibration is applied to a range of acquisitions 
performed w ith  the Utah phantom, to assess the accuracy of the scattering 
correction and calibration method in absolute terms.
Com partm ents B,C,D and E of the phantom (figure  3.9(b)) were 
u n ifo rm ly  fille d  w ith  i 8F so lution at a range of ac tiv ity  concentrations. 
Scans o f increasing du ra tion  (from  30 m inutes to 75 m inutes) were 
perform ed w ith  a trues count rates at the start of scan ranging from  50 k 
counts s*1 to 100 k counts s-U Images of a plane v ie w in g  a ll the 
compartments are shown in  figure 6.25 for the different activ ity
F igure  6.25 Reconstructed images o f a plane v iew ing  a ll com partm ents of 
the Utah phantom fo r  the series o f scans o f d ifferent a c tiv ity  concentrations. 
Top row : uncorrected, bottom row: corrected fo r  scattering.
146
10
crPQrrf
£0• rH +-» ctf
1 0)
£OU
b
• rH
U<
8 
6 
4 H 
2 
0
-2
B  W ell 
§§! Imag
Counter
Les
1
B C D
C om partm ent
E
F igure  6.26(a) Calibrated R O I values fo r  corrected images o f the Utah  
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F igure  6.26(b) C alibrated R O I values fo r  corrected images o f the Utah 
phantom  w ith  active annu la r com partm ent C, and background B.
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F igure  6.26(c) Calibrated R O I values fo r  corrected images o f the U tah  
phantom  w ith  active a nnu la r com partm ent C, and background B.
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F igu re  6.26(d) C alibrated R O I values fo r  corrected images o f the Utah 
phantom  w ith  active annu la r com partm ent C, background B and target D.
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F igure  6.26(e) Calibrated R O I values fo r  corrected images o f the U tah  
phantom  w ith  active a nnu la r com partm ent C, background B, target D  and  
target E.
distributions. ROIs were calculated over a ll planes v iew ing  each region, and 
calibrated w ith  the calibration factor derived in  the above section for the 200 
m m  diam eter phantom . F igure 2.26 compares the measured a c tiv ity  
concentration from  the images w ith  the values obtained from  the w e ll 
counter. The m axim um  error in  any o f the compartments, inc lud ing  the 
w ater-filled  ones, o f the 5 scans is 6%. The consistent overestimation of the 
a c tiv ity  in  reg ion C may be ind ica tive  o f a systematic e rro r in  the 
measurement o f the calibration factor, though this w ou ld  be expected to 
affect the measurements o f a ll regions. Another possible source o f error 
w o u ld  be the incorrect measurement o f the activ ity  concentration w ith  the 
w e ll counter sample, fo r example i f  the sample was taken from  a region that 
was not w e ll mixed.
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S um m ary .
In  summary, it  has been shown in  this chapter that the correction for 
scattering has restored un ifo rm ity  in  objects whose range in  size spans the 
extent o f the hum an head. The app lica tion  o f sinogram  sm ooth ing 
techniques has lim ited  the im pact o f the correction on noise in  the data. 
L inearity  and contrast in  a range of objects and activ ity  d istributions have 
been restored to better than 5%. C alib ra tion  of the data after scatter 
correction is found to show little  varia tion w ith  object size. W ith  a routine 
ca libration of the scatter corrected image data, activ ity  concentrations are 
estimated to w ith in  6% of their true values. The correction has been shown 
to also correct for out-of-plane and out-of-FOV activity.
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7. Application of Correction in Clinical Studies.
7.1 Quantification in  vivo.
7.1.1 Ho ffm an brain phantom .
In  evaluating the accuracy of measurements w ith  PET systems, there 
is an in tu itive  and real gap between the images which are usually obtained 
w ith  test phantoms of re la tive ly simple geometry, as described in  the last 
chapter, and the distributions that one sees in in  v ivo  images. In  the brain, 
the ac tiv ity  d is tribu tions associated w ith  metabolism or b lood flo w  are 
irregu la r and three-dimensional, w ith  out-of-plane d is tribu tions that are 
quite d iffe rent to the in-plane d istributions. The H offm an bra in  phantom
Figure 7.1 D ig ita l templates o f the Hoffm an brain phantom  in  transverse  
section.
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(Hoffman, 1990) simulates these distributions (section 3.3.2), and was used to 
evaluate the correction fo r scattering in  these conditions. Images from  2-D 
and 3-D acquisitions of this phantom were compared w ith  each other and 
w ith  the d ig ita l templates w h ich  p ro v ided  the ideal, scattering-free, 
cond ition . The transverse sections o f the d ig ita l templates from  th is 
phantom are shown in  figure 7.1.
The phantom was filled  w ith  ~ 30 MBq of 18F solution and a 3600 s, 2- 
D acquisition was performed. The trues count rate at the start of scan was 15 
k  counts s-1, the scanner deadtime 1.7%, the singles rate 0.6 M  counts s*1 and 
a to ta l of 50x106 true counts were collected. The septa were retracted and a 
1800 s 3-D scan was then performed w ith  a trues count rate at start o f scan of 
103 k  counts s_1, a scanner deadtime of 4.6% and singles rate of 1.6 M  counts 
s_1, collecting a total o f 200x106 true counts.
The 2-D data were corrected fo r scattering using the correction 
supp lied  by  the scanner m anufacturers. The m ethod, based on the 
deconvo lu tion  o f the scattering response func tion  (Bergstrom , 1983), 
requires as inp u t the scattering fraction and the slope of scattering response 
function  fo r each of the 31 acquisition planes. Since the 953B scanner is 
rou tine ly  operated w ith  non-standard energy thresholds (380-850 keV), these 
parameters had to be re-evaluated and were measured using a line source 
centered in  a 200 m m  diameter w ate r-filled  cylinder. The parameters are 
tabulated in  appendix A l.
A  calculated attenuation correction was applied to both 2-D and 3-D 
data sets and the data were reconstructed using a H anning filte r (N yquist 
cu t-o ff frequency) w hich  is applied rou tine ly  in  the laboratory fo r patient 
studies o f glucose metabolism w ith  i 8F-FDG (section 7.1.2). The 3-D data 
were reconstructed before and after correction for scattering using correction 
parameters derived from  a line source in  a ir and in  a 200 m m  diameter 
water fille d  cylinder. The templates were convolved w ith  a 3-D Gaussian 
kernel (FW H M  in  x y  and z = 8 m m  x 8 m m  x 6 m m ) to match the 
resolution of the reconstructed images as far as possible (sections 3.6.1 and 
3.6.2).
152
+0*
Figure 7.2 Images fro m  the top (row  I), middle (row  2) and bottom (row  3) o f 
the H offm an bra in  phantom  il lu s tra t in g  the templates before (co lum n I )  
and after smoothing (column 2), 2 -D  (colum n 3) and 3 -D  (colum n 4) images 
after correction and 3 -D  uncorrected images (column 5).
A ll reconstructed images were masked to set the counts outside the 
object to 0. This facilita ted a d irect region by region comparison o f the 
images w ith  the templates, and avoided the analysis o f areas outside the 
lim its  o f the phantom. The reconstructed images were co-registered to the 
templates using an automatic image realignment method (Woods, 1992). 
This is based on the princip le that the variance of the ratio of tw o image data 
sets of identical or s im ila r d istribu tions w il l  be m inim ized when the data 
are correctly aligned. This method has been shown to be robust and reliable 
in  the realignment o f PET data where patient movement has occured and 
also in  the alignment o f PET and MRI data of the same subject (Woods, 1993; 
Strother, 1994).
Selected transverse slices are shown in figure 7.2, from  the top (row  
1), m idd le  (row  2) and bottom  part (row  3) of the phantom. These images 
a llow  the visua l com parison o f the smoothed templates w ith  the 2-D 
images, and w ith  the 3-D images after and before correction for scattering.
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The firs t tw o columns show the templates before and after smoothing. The 
th ird  and fou rth  colum n show the 2-D and 3-D images after correction fo r 
scattering, respectively. The last colum n shows the uncorrected 3-D images 
for comparison. On visual inspection, the loss of contrast in  the uncorrected 
3-D images in  the last colum n is marked, and the d is tribu tion  and contrast 
o f bo th  2-D and 3-D images after correction compares w e ll w ith  the 
smoothed templates. Even though the 3-D scan was perform ed w ith  low er 
ac tiv ity  concentration in  the phantoms and was shorter in  duration , the 
statistical qua lity  compares favourably w ith  the 2-D images, reflecting the 
greater number of counts acquired in  the 3-D scan.
Data Ana lysis.
W ith  the aim o f perform ing a regional comparison of the re lative 
activ ity  d istributions in  these images, mean counts per p ixe l over a ll planes
Template ROI Values 
F igure  7.3 Scatter p lo t o f  3 -D  image R O I values vs. template R O I values 
fo r an image plane o f the Hoffm an brain phantom.
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of the phantom  templates and images were determined in  square ROIs of 
d im ension 8 m m  x 8 m m  (4 by 4 pixels). This ROI size is equal to the 
reconstructed FW H M  of this data, and resulted in  -400 ind iv id u a l regions 
for each plane of data. The ROI data was plotted as a scatter graph and linear 
fits performed. The data set for the image plane in  the th ird  row  in  figure 7.2 
is displayed in  figure 7.3 to illustra te this procedure. The uncorrected and 
corrected 3-D ROI values are p lo tted  against ROI values in  equiva lent 
locations on the templates. The scatter p lo t is linear, show ing  good 
corre la tion  (R=0.983) between the 3-D image o f the data corrected fo r 
scattering and the template. W ithout correction for scattering the data show 
low er correlation (R=0.960).
The slopes and intercepts o f the scatter plots were calculated fo r a ll 
image planes of data and are shown in  figures 7.4(a) and 7.4(b), respectively. 
The templates sample the phantom  more coarsely than the PET scanner, 
and w hen coregistered, the images are interpolated. This is w hy  on ly  15 
image planes are shown. Since the template p ixel values are on ly re lative 
values, the ROI values have been norm alized to the mean counts in  the 
data. Ideally, these fits should have a slope of 1 and intercept 0. In  each 
graph, data is presented for the uncorrected 3-D images as w e ll as for the 2-D 
and 3-D scatter corrected images. For the uncorrected data, the slope of the f it  
is low er than 1, and the intercept higher than 0. The axial varia tion o f the
slopes intercept
ideal 1 0
2-D 1.05+0.04 -0.05±0.04
3-D uncorrected 0.87±0.04 -0.13±0.06
3-D corrected 1.00±0.04 -0.00±0.05
Table 7.1 M ean slopes and in tercept o f f i ts  o f scatter plots fo r  image R O I 
values vs. template R O I values fo r  the Hoffm an brain phantom.
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uncorrected data indicates a smaller deviation from  the ideal values fo r the 
planes from  1 to 5, w h ich  correspond to the top of the phantom where the 
activ ity  d is tribu tion  has a lim ited  extent. The slopes and intercepts o f the fits 
behave in  a sim ilar way for the 2-D and 3-D corrected images and the axial 
variation, though s till present, is not as pronounced as for uncorrected data. 
The data are summarized in  table 7.1 where the mean of the slopes and 
intercepts are shown.
C a lib ra tio n .
A  d irect comparison of the 2-D and 3-D images of the H offm an bra in 
phantom was also performed. These data represents a best case standard for 
the comparison of consecutive 2-D and 3-D acquisitions in  patient studies 
w hich w il l  be presented in  section 7.1.2.
0 5 10 15 20
2-D Image ROI [kBq m l'1]
Figure7.5  Scatter p lo t o f 3 -D  image RO Is vs. 2 -D  image RO Is fo r  a centra l 
image plane o f the H offm an bra in  phantom.
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The ROI data derived from  the 2-D and 3-D images were corrected for 
decay during  scan length, and decay between the tw o acquisitions, and then 
calibrated to values of kBq m H  using the respective calibration factors. The 
ROI data were p lotted as a scatter graph of 3-D ROI values against 2-D ROI 
values and linear fits applied to the data. A  representative data set fo r a 
central slice is shown in  figure 7.5 to illustra te the comparison. Very good 
lin e a rity  and correlation are obtained fo r the 3-D data set corrected fo r 
scattering (R=0.991), ind ica ting  that the regional d is tribu tion  o f ac tiv ity  is 
sim ila r in  the 2-D and 3-D images. The slopes and intercepts calculated for 
ROI data fo r a ll image planes are shown in  figu re  7.6(a) and 7.6(b) 
respectively.
Figures 7.6(a) and 7.6(b) show that the uncorrected data have a slope 
greater than 1 and intercept greater than 0, and that these values are restored 
after correction for scattering. A  slope significantly smaller than 1 is seen in  
planes up to 6, where the fits are based on data w ith  lim ited  number of ROIs 
due to the lim ited  size of the rad ioactiv ity d istribution. The data of figure 7.6 
is summarized in  table 7.2, where the mean slopes and intercepts of the fits 
are tabulated.
slopes intercept
ideal 1 0
3-D uncorrected 1.13+0.05 1.27±0.03
3-D corrected 0.99±0.04 -0 .1 1±0.02
Table 7.2 Mean slopes and intercept o f f i ts  o f scatter plots fo r  image RO Is  
vs. template ROIs fo r  the Hoffm an bra in phantom.
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7.1.2 1S.F-FDG human volunteer studies.
A  series o f PET scans was perform ed at the MRCCU on hum an 
volunteers to measure regional cerebral glucose metabolism as part o f a 
study o f fam ilia l Alzeihmer's disease (Kennedy, 1994; Kennedy, 1995). For a 
number o f these volunteers, the standard 2-D septa extended protocol was 
fo llow ed by a single dual energy w indow  3-D septa retracted frame. A fte r a 
20 m inute transmission scan the subject was administered -370 MRq of 18F- 
fluorodeoxyglucose (18F-FDG) by  in travenous in jection. The 2-D scan 
consisted o f a dynamic acquisition over 60 minutes w ith  a number o f 300 s 
tim e frames at the end of the scan. A fte r septa retraction and scanner 
con figura tion  (-10 m inutes), a 300 s dual energy w in d o w  3-D scan was 
acquired. This allow ed the direct comparison of images from  the same 
subject, reconstructed from  consecutive 2-D and 3-D acquisitions.
A t 1 hour post injection, i t  has been shown that the d is tribu tion  of 
this tracer is no longer spatially varying (Phelps, 1979) and therefore a direct 
regional comparison of tw o consecutive frames of data can be performed. 
H ow ever, patien t movement is a po ten tia l source of error in  m aking a 
d irect comparison and therefore the consecutive 2-D and 3-D frames were 
re -a ligned after reconstruction. A  subject w ho showed l it t le  o r no 
m ovement was selected since a large correction fo r m ovement indicates 
m is-match between the emission data and the attenuation data derived 
from  the transmission scan perform ed at the start o f the acquisition. The 
image data were processed in  the same w ay as the Hoffm an bra in phantom 
data, except that in  th is case a measured attenuation correction obtained 
from  the transmission scan was applied.
Figure 7.7 shows 2-D and 3-D reconstructed images from  the top (row  
1), m idd le  (row  2) and bottom  (row 3) o f the brain o f a hum an volunteer. 
The contrast is im proved in  the 3-D images of data corrected for scattering 
(co lum n 2) re la tive  to the 2-D images (colum n 1). Better d e fin itio n  o f 
central structures is seen in  the 3-D images due to the superior statistical 
quality of the scans.
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F igure  7.7 Images fro m  the top (row  I ) ,  m iddle (row  2) and lower (row  3) 
part o f the brain o f 18F-FDG uptake d is tr ib u tio n  in  a human subject at ~ I  
hour post in jec tion , i l lu s tra t in g  2 -D  images (column I )  and 3 -D  images after 
(co lum n 2) and before (colum n 3) correction fo r  sca tte ring  in  consecutive  
a cq u is itio n s .
A  d irect comparison of the 2-D and 3-D reconstructed images was 
perform ed as described in  section 7.1.1. The 8 mm x 8 mm ROIs were 
corrected for decay during and between scans, and the data were calibrated 
using appropriate calibration factors for 2-D and 3-D images. ROI values on 
a central image plane are plotted as a scatter p lo t in  figure 7.8. A  small 
positive intercept in the corrected data may indicate an undercorrection for 
scattering in  the 3-D data set, though this effect could equally w e ll be due to 
an over-correction in  the 2-D data set, since both corrections are based on 
parameters calculated from  200 mm diameter cylinders. The slopes and 
intercepts o f the fits fo r a ll planes are shown in  figures 7.9(a) and 7.9(b) 
respectively. The slopes and intercepts are closer to the ir true value after 
scatter correction. A lthough the intercept is s till positive, its mean value
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F igu re  7.8 Scatter p lo t o f 3 -D  vs. 2 -D  R O I values fo r  the centra l image o f 
the bra in  o f a hum an volunteer.
re la tive  to the mean 3-D image ROI counts is s im ilar to that seen in  the 
H o ffm an  bra in  phantom  data. Both slope and intercept show a greater 
deviation from  the ideal values for planes 20 to 31. This is a bias w hich may 
be due to under-correction for scattering, but could also be introduced due to 
the fact that those planes, near the bottom  of the head, contained lim ited  
regions o f rad io ac tiv ity  concentration, and therefore the linear fits  are 
perform ed on a small number o f ROIs.
The analysis w hich has been described in  this chapter, has also been 
perform ed on a cohort of 10 subjects from  this study, and the data fo r each 
of those subjects give correlations consistent w ith  the data illustra ted in  this 
section (Grootoonk, 1993). These results give confidence that the correction 
is consistently perform ing to this standard fo r in  vivo  data. The region-by- 
region method of comparing image data w hich has been developed here, 
has since been used in  other analyses, fo r example in  the comparison o f 
image reconstruction methods and reproducib ility  studies.
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F igure  7.9(a) Slopes o f f i t s  o f scatter plots fo r  3 -D  vs. 2 -D  RO Is fo r  a ll image 
planes o f the bra in o f a human volunteer.
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F igu re  7.9(b) Intercepts o f f i t s  o f scatter plots fo r  3 -D  vs. 2 -D  R O Is fo r  a ll 
image planes o f the brain o f a human volunteer.
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7. 2 Extension to M ulti-Fram e D ata A cquisition.
The ab ility  o f PET to provide rapid, dynamic time frames o f data is of 
fundamental importance to its fu ture  as a clin ical research tool. Protocols fo r 
investiga ting  tracer kinetics may necessitate dozens o f sub-m inute tim e 
frames over an hour or more. The acquis ition  and processing o f 3-D 
dynam ic pro jection data is s till hampered by large data volum es and 
re la tive ly long reconstruction times. These practical issues are starting to be 
addressed by scanner manufacturers, w ith  data reduction schemes being 
im plem ented at the acquisition stage and array processors being used to 
b ring  reconstruction times down to several minutes. Approxim ations to the 
fu lly  3-D reconstruction, w hich greatly reduce com putation times, can also 
be used i f  the trade-off between reconstruction times and resolution and 
contrast w arran t (Kinahan, 1992). For example, the SSRB m ethod (Daube- 
W itherspoon, 1987) has been found adequate for processing data related to 
hum an stria ta l im aging fo r a 953B scanner geometry, w hen the organ of 
in te rest is pos itioned  in  the centre o f the FOV (Sossi, 1994). This 
approxim ate m ethod is however no t suited to studies where the outer 
cortex o f the bra in  has also to be examined in  detail, since volumes at larger 
distances from  the centre of the FOV w il l  suffer more severe resolution and 
recovery degradation (Defrise, 1994).
7.2.1 D ata  acquisition and handling.
A  a result o f the larger size of the 3-D data sets acquired (16 MBytes per 
frame compared to 2 MBytes per frame in  2-D), the configuration of the 953B 
scanner had to be m odified to allow  the routine acquisition of dynamic data 
in  3-D mode. A dd itiona l acquisition disks were added to the ACS to increase 
the storage capacity to 5 Gbytes, bu t the real-time sorter (RTS) memory was 
not up-gradable. The acquisition of 3-D dynamic data w ith  the 953B is thus 
lim ited  by the size of the data sets (16 MBytes), the memory o f the RTS (128 
MBytes) and the transfer rates from  the RTS to the acquisition disks (0.2 to
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0.4 MBytes s-l). W ith  these constraints, the shortest tim e frames that can be 
acquired consecutively w ith o u t risk ing  m em ory ove rflow  is about 60 s, 
though it  takes progressively longer to store late frames in  a dynamic study 
because d isk access times become longer fo r large files. The dual energy 
w in d o w  acquisition doubles the data set size to 32 MBytes, and the transfer 
times to d isk range from  about 90 to 160 s per frame so that the m in im um  
sustainable frame rate fo r fu ll-s ize dual energy w indow  data is lim ite d  in  
practice to about 180 s. C lin ica l protocols usually required shorter tim e 
frames than this, and this lim ita tion  was resolved by setting up acquisition 
protocols that collected scans in  mashed and trim m ed mode (section 3 .2 , 
figure  3.2). In  th is way, a dual energy w indow  data set is reduced to 12 
Mbytes, and the m in im um  repeatable time frame can be reduced to 60 s.
Manufacturers are aware of the data transfer and handling problem  of 
the 3-D data sets. The latest CTI/S iem ens commercial scanner (ECAT 
EXACT HR) generates 152 Mbytes of data per 3-D frame. Two approaches 
have been taken to im prove  the data th roughpu t. A  lossless data 
compression based on the Lem pel-Z iv  a lgorithm  has been investigated 
(Baker, 1993). The data collected at d iffe rent acceptance angles have been 
averaged to produce fewer angular samples. This also has the effect o f 
reducing reconstruction times. However, a rigorous study o f the potentia l 
degradation in  resolution has yet to be performed.
7.2.2 C o u n t ra te  effects.
In  this section the stab ility  of the correction for scattering is tested at 
d iffe rent count rates over a large dynamic count range.
The 200 m m  cylinder was u n ifo rm ly  filled  w ith  HC so lu tion (in itia l 
a c tiv ity  concentration -  11 lcBq m H ) and scanned over a period of 6000 s 
w ith  consecutive 300 s tim e frame acquisitions. A t scan start the trues count 
rate was 286 k  counts s-l, the random rate 164 k counts s-l, the singles rate 7.7 
M  counts s-l, and the scanner deadtime 17%.
The ratio  o f to ta l true counts recorded by the scanner in  the tw o energy
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F ig u re  7.10 Ratio o f counts in  lower and upper energy w indow s fo r  dynam ic  
acqu is ition  o f U C  phantom .
w indow s (Cl : Cu) fo r this acquisition is shown as a function  o f scanner 
singles rate in  figure 7.10, and a constantly decreasing deviation from  the 
constant value is seen above -  2.5 M  counts s-L This effect is a ttributed to 
pulse p ile -up (section 2 .8 .2), w h ich  occurs at h igh count rates, causing the 
energy o f coincidence events to be m is-iden tified  and the events to be 
m ispositioned tow ards the centre o f detector blocks (Germano, 1990). 
Several low er energy events detected together w il l  be interpreted as a single 
event w ith  higher energy, thus d istorting  the spectral response of the block. 
This effect, w hich increases w ith  count rate, w il l  cause a decrease in  the ratio 
of counts in  the lower w indow  to the upper w indow  as shown in  figure 7.10.
The data were reconstructed both  before and after correction fo r 
scattering. ROIs o f 60 m m  diameter were calculated on a ll images to obtain 
tim e activ ity  curves (TACs). The time activ ity  curves fo r summed planes are 
shown in  figure 7.11 for uncorrected data and data corrected for scattering.
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F igu re  7.11 Temporal va ria tion  o f RO Is fo r  dynam ic acqu is ition  o f the n C 
p h a n t o m .
The linear fits  to the log curves are shown in  figure 7.12. The uncorrected 
data y ie ld  20.38 m inutes fo r the ha lf-life  o f HC, averaged over a ll image 
planes. The data corrected fo r scattering y ie ld  20.43 minutes fo r the half-life , 
be low  the countrate where non-linea rity  is observed. I f  a ll the data are 
included, the ha lf-life  is over-estimated by 2%.
These data also demonstrate the bias introduced by the truncation of 
negative numbers in  the sinogram data after correction. In  theory, negative 
counts should never occur in  sinograms. Due to the randoms correction and 
other operations that re ly  on subtraction of sinogram data sets such as 
correction fo r scattering, in  practice some negative counts are found in  
sinograms. Figure 7.13 shows the log p lo t o f the ROIs calculated on corrected 
data reconstructed before and after the truncation of negative numbers. This 
bias is a potential source of error fo r any correction method fo r scattering, 
and easily avoided by reta in ing the negative values in  the data p r io r  to 
reconstruction.
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F igure  7.12 Log p lo t and linear f i t s  o f RO Is on dynam ic acqu is ition  o f the 
i iC  phantom.
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F igure  7.13 Log p lo t and linear f i ts  o f ROIs fo r  U C  phantom  fo r  trunca ted  
and non trunca tion  data.
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7.2.3 Time-varying scattering conditions.
A  dual-isotope experiment is described in  this section. This phantom 
provides the transaxial and axial non-un ifo rm ity  in  ac tiv ity  concentration 
seen in  the scattering phantom  described in  section 6 .2 .2 , as w e ll as a 
d is tribu tion  w hich is tem porally varying.
Tw o cy lind rica l inserts A  and B were positioned in  the 200 m m  
diameter cy linder w h ich  was u n ifo rm ly  fille d  w ith  UC solution. Insert A  
(diameter 40 mm, length 50 mm) was w ater-filled and insert B (diameter 100 
m m , length  100 mm) was fille d  w ith  *8F solution. The starting  ac tiv ity  
concentration ratio o f the n C cylinder to the 18F insert B was 5:1, and the 
in it ia l activ ity  concentration of the UC cylinder was -10 kBq m H . A t scan 
start, the trues count rate was 234 lc counts s-1, the random rate 180 k counts 
s-i, the singles countrate 8 M  counts s-1 and the scanner deadtime 19%. This 
phantom was scanned over a period of 7200 s, just over one ha lf-life  of 18F
Singles Rate [counts s l]
F igure  7.14 R a tio  o f counts in  upper and low er energy w indow s fo r  
dynam ic acqu is ition  o f dual isotope phantom.
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and 6 half-lives of n C, to determine the accuracy of the correction over a 
range o f count rates and scattering conditions.
The ratio  o f true counts in  the tw o  energy w indow s is shown in 
figure 7.14 as a function of scanner singles rate. Again, as seen in  figure 7.10, 
a deviation from  a constant value is observed for singles count rates above 
-2.5 M  counts s_1, which is attributed to pile-up effects.
The data were reconstructed w ith  and w ith o u t correction  fo r 
scattering and ROIs calculated in  the inserts and in  the 200 mm cylinder 
background. Images of a plane located at the centre of the FOV are shown for 
data corrected fo r scattering in  figure 7.15. This illustrates the changing 
a c tiv ity  d is tr ib u tio n  d u ring  the dynam ic scan. A t the top left, the n C 
solution in  the background is more active than the 18F insert, and is shown 
progressive ly decaying from  le ft to r ig h t dow n the figu re  u n til the 
rem ain ing  18F so lu tion in  the insert is more radioactive than the n C 
background.
F igure  7.15 Temporal va ria tion  o f images fo r  a dynam ic acqu is ition  o f the 
dual isotope phantom. Each image is scaled to its own m axim um  value.
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T h e  t i m e  a c t i v i t y  c u r v e s  w e r e  a v e r a g e d  f o r  a l l  p l a n e s  w h e r e  b o t h  
c y l i n d e r s  B a n d  t h e  b a c k g r o u n d  w e r e  i n  v i e w ,  w h i c h  c o r r e s p o n d e d  t o  90  
m m  o f  t h e  a x i a l  f i e ld - o f - v i e w .  F i g u r e s  7 .1 6 (a )  a n d  7 .1 6 (b )  s h o w  t h e  t i m e  
a c t i v i t y  c u r v e s  f o r  t h e  H C  a n d  18F  r e g i o n s  o f  t h e  d u a l  i s o t o p e  p h a n t o m  
b e f o r e  a n d  a f t e r  c o r r e c t io n  f o r  s c a t t e r in g ,  r e s p e c t iv e ly ,  a n d  f i g u r e s  7 .1 7 (a )  a n d  
7 .1 7 (b )  s h o w  t h e  l o g a r i t h m ic  p l o t s  a n d  t h e  l i n e a r  f i t s  to  t h e  d a t a  b e f o r e  a n d  
a f t e r  c o r r e c t i o n  f o r  s c a t t e r i n g ,  r e s p e c t i v e l y .  T h e  h a l f - l i v e s  o b t a i n e d  f r o m  
t h e s e s  f i t s  f o r  H C  a n d  *8F  a f t e r  c o r r e c t i o n  a r e  2 0 .5 2  m i n u t e s  a n d  1 1 2 .3 7  
m i n u t e s ,  r e s p e c t i v e l y .  B o th  t h e s e  r e s u l t s  a r e  w i t h i n  2 %  o f  t h e  t r u e  v a l u e s  
(2 0 .3 8  m i n u t e s  f o r  n C  a n d  1 0 9 .8  m i n u t e s  f o r  i 8F).
B e fo re  c o r r e c t io n  f o r  s c a t t e r in g ,  t h e  h a l f - l i f e  f o r  H C  is  c a l c u l a t e d  to  b e  
2 1 .0 6  m i n u t e s .  T h e  e f f e c t  o f  s c a t t e r i n g  f r o m  t h e  H C  b a c k g r o u n d  i n t o  t h i s  
i n s e r t  i s  m a r k e d ,  e s p e c i a l l y  i n  t h e  e a r l y  f r a m e s ,  a s  d e m o n s t r a t e d  b y  t h e  
n o n - l i n e a r  a p p e a r a n c e  o f  t h e  p l o t  i n  f i g u r e  7 .1 7 (a ) . B y  f i t t i n g  o n l y  t h e  l a s t  
h a l f - h o u r  o f  d a t a ,  w h e r e  t h e  a c t i v i t y  c o n c e n t r a t i o n  o f  t h e  n C  b a c k g r o u n d  
h a s  d r o p p e d  to  b e lo w  th e  a c t i v i t y  c o n c e n t r a t i o n  o f  th e  18F  i n s e r t ,  t h e  h a l f l i f e  
o b t a i n e d  f o r  18F  is  7 5 .7  m i n u t e s .  S o , a l t h o u g h  a  r e a s o n a b l e  h a l f - l i f e  is  
o b t a i n e d  f o r  t h e  l a r g e  b a c k g r o u n d  v o l u m e  f i l l e d  w i t h  l l C ,  i t  i s  n o t  p o s s i b l e  
to  o b t a i n e d  a  c o r r e c t  h a l f - l i f e  f o r  t h e  t a r g e t  18F  c y l in d e r  u n l e s s  c o r r e c t i o n  f o r  
s c a t t e r i n g  is  a p p l i e d  i n  t h i s  p h a n t o m .  I n  f i g u r e  7 .1 8 , t h e  t i m e  a c t iv i t y  c u r v e s  
f o r  t h e  R O Is  i n  t h e  w a te r - f i l l e d  r e g i o n  a r e  s h o w n  b e f o r e  a n d  a f t e r  c o r r e c t io n .  
T h i s  g r a p h  d e m o n s t r a t e s  t h a t  t h e  c o r r e c t i o n  h a s  r e s t o r e d  t h e  c o n s t r a s t  i n  
t h i s  r e g i o n  o v e r  a l l  a c q u i s i t i o n  f r a m e s .
A  d u a l  e n e r g y  w i n d o w  c o r r e c t i o n  w h e r e  t h e  s e c o n d a r y  e n e r g y  
w i n d o w  is  c e n t r e d  a b o v e  t h e  p h o t o p e a k  h a s  a ls o  b e e n  t e s t e d  w i t h  a  d u a l  
i s o t o p e  p h a n t o m  ( B e n d r ie m ,  1 9 9 3 ). I n  t h i s  c a s e ,  t h e  p h a n t o m  w a s  d e s i g n e d  
to  s i m u l a t e  t h e  h e a r t ,  w i t h  t h e  o u t e r  s h e l l  ( m y o c a r d iu m )  f i l l e d  w i t h  *8F  a n d  
t h e  i n n e r  c a v i ty  w i t h  l l C .  T h e r e  w a s  a n  o v e r e s t i m a t e  o f  t h e  h a l f - l i f e  f o r  t h e  
n C  s o l u t i o n  i n  t h e  c a v i ty ,  d u e  to  a n  u n d e r - c o r r e c t i o n  f o r  s c a t t e r i n g .  I t  is  
l i k e ly  t h a t  t h i s  is  d u e  to  t h e  f a c t  t h a t  i n  t h e  i m p l e m e n t a t i o n ,  a  6 %  s c a t t e r i n g  
c o m p o n e n t  i n  t h e  u p p e r  e n e r g y  w i n d o w  is  n o t  t a k e n  in to  a c c o u n t .
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F ig u re  7 .16(a) Temporal va ria tion  o f RO Is on uncorrected images fo r  dual 
isotope phantom .
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F igu re  7.16(h) Temporal va ria tio n  o f R O Is on corrected images fo r  dua l 
isotope phantom .
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F igure  7.17(b) Log p lo t and linear f i ts  o f RO Is fo r  H C  region in  dual isotope 
phantom .
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F ig u re  7.18 Temporal va ria tion  o f RO Is in  the inactive region fo r  the dual 
isotope phantom .
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7.2.4 Human volunteer tracer studies.
A s  a  r e s u l t  o f  t h e  in c r e a s e d  s e n s i t i v i t y  a c h ie v e d  i n  3 -D  P E T  s c a n n in g ,  
t h e r e  h a s  b e e n  a  s i g n i f i c a n t  i m p r o v e m e n t  i n  t h e  s t a t i s t i c a l  d a t a  q u a l i t y  
o b t a i n e d  w h e n  s c a n n i n g  h u m a n  v o l u n t e e r s  w i t h  l o w  a m o u n t s  o f  r a p i d l y  
d e c a y i n g  r a d i o i s o t o p e  (B a ile y , 1 9 9 1 , C h e r r y ,  1991). T h e  s i g n a l  t o  n o i s e  g a i n  in  
t h e  r e c o n s t r u c t e d  i m a g e s  h a s  b e e n  d e m o n s t r a t e d  i n  a p p l i c a t i o n s  s u c h  a s  
r e g i o n a l  c e r e b r a l  b l o o d  f lo w  s t u d i e s  ( W a ts o n ,  1 9 9 3 ), a n d  m o r e  r e c e n t ly  w i t h  
n e u r o - t r a n s m i t t e r  a n d  r e c e p t o r  m e a s u r e m e n t s  (R a k s b i ,  1 9 9 5 ).
I n  t h i s  s e c t io n ,  d a t a  f r o m  a  c l in ic a l  s t u d y  w i l l  b e  u s e d  to  i l l u s t r a t e  t h e  
g e n e r a t i o n  o f  f u n c t i o n a l  m a p s  o f  h i g h  s p a t i a l  r e s o l u t i o n  a n d  s t a t i s t i c a l  
q u a l i t y .  T h is  is  a c h i e v e d  b y  t h e  c o m b i n a t i o n  o f  p r o t o c o l s  f o r  q u a n t i t a t i v e ,  
h i g h - s e n s i t i v i t y  3 -D  P E T  i m a g i n g  d e s c r i b e d  in  t h i s  t h e s i s  a n d  n o v e l  im a g e  
a n a l y s i s  m e t h o d s .
T r a d i t i o n a l l y ,  t r a c e r  P E T  s t u d i e s  h a v e  b e e n  a n a l y z e d  b y  d e f i n i n g  
m u l t i p l e  r e g i o n s  o f  i n t e r e s t  o n  r e c o n s t r u c t e d  i m a g e s  t o  g e n e r a t e  t i m e -  
a c t i v i t y  d a t a  f o r  e a c h  r e g io n .  K in e t i c  p a r a m e t e r s  o f  t h e  t r a c e r s  h a v e  b e e n  
d e r i v e d  f r o m  f i ts  to  d a t a  i n  e a c h  r e g i o n  o f  i n t e r e s t  a s s u m i n g  a  f ix e d  n u m b e r  
o f  t i s s u e  c o m p a r t m e n t s  ( C u n n i n g h a m ,  1 9 9 1 ) . I n  t h i s  l a b o r a t o r y ,  t h i s  
a p p r o a c h  h a s  p r e v i o u s l y  b e e n  u s e d  to  a n a ly z e  c h a n g e s  i n  o p i o i d  r e c e p t o r  
b i n d i n g  i n  p a t i e n t s  i n  d i f f e r e n t  p a i n  s t a t e s  d u e  to  r h e u m a t o i d  a r t h r i t i s  
( J o n e s ,  1 9 9 4 ) . T h e  t r a c e r  u s e d  w a s  n C - d i p r e n o r p h i n e ,  w h i c h  is  a  h i g h  
a f f in i ty ,  s y n th e t i c  o p io id  r e c e p t o r  a n t a g o n i s t .
A  p a r a m e t r i c  i m a g e ,  a l s o  k n o w n  a s  a  f u n c t i o n a l  im a g e ,  is  a  m a p  o f  
t h e  s p a t i a l  d i s t r i b u t i o n  o f  s o m e  p a r a m e t e r  o r  f u n c t i o n  o f  a  t r a c e r ,  f o r  
e x a m p l e  t h e  v o l u m e  o f  d i s t r i b u t i o n  o f  t h e  t r a c e r  (V d )  o r  k i n e t i c  r a t e  
c o n s t a n t s .  P a r a m e t r i c  i m a g i n g  o f  t h e  h u m a n  b r a i n  h a s  b e e n  o f  l i m i t e d  u s e  
b e c a u s e  o f  t h e  p o o r  im a g e  p ix e l  s t a t i s t i c s  p r e v i o u s l y  o b t a i n e d  w i t h  2 -D  P E T  
s c a n n in g .
T h e  a p p l i c a t i o n  o f  a  s p e c t r a l  a n a ly s i s  t e c h n i q u e  ( C u n n i n g h a m ,  1 9 9 3 ) , 
w h i c h  m a k e  n o  a s s u m p t i o n s  a b o u t  t h e  n u m b e r  o f  t i s s u e  c o m p a r t m e n t s ,  h a s  
f a c i l i t a t e d  t h e  g e n e r a t i o n  o f  p a r a m e t r i c  im a g e s  o f  V d  o f  b i n d i n g  f o r  s e v e r a l
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r e c e p t o r  s t u d i e s  ( K o e p p ,  1 9 9 5 , R i c h a r d s o n ,  1 9 9 5 ). T h e  t e c h n i q u e  m a y  b e  
v i e w e d  a s  e q u i v a l e n t  to  a  s m o o t h e d  d e c o n v o l u t i o n  o f  t h e  t i s s u e  c u r v e  w i t h  
r e s p e c t  t o  t h e  p l a s m a  o r  b l o o d  i n p u t  f u n c t io n .  T h e  q u a n t i t a t e d  i m a g e s  o f  
t r a c e r  d i s t r i b u t i o n  a r e  a n a l y z e d  o n  a  p ix e l  b y  p ix e l  b a s i s  w i t h  t h i s  m e t h o d  to  
p r o d u c e  f u n c t io n a l  m a p s .  T h is  h a s  o b v i a t e d  t h e  l a b o r io u s  t a s k  o f  g e n e r a t i n g  
s e v e r a l  h u n d r e d  r e g i o n s  n e e d e d  f o r  t h e  c o m p a r t m e n t a l  m o d e l l i n g  o f  
u C - d i p r e n o r p h i n e  d a t a  i n  t h i s  p a r t i c u l a r  s t u d y  ( J o n e s ,  1 9 9 4 ). T h e  a b i l i t y  to  
c o r e g i s t e r  t h e s e  f u n c t i o n a l  i m a g e s  w i t h  i n d i v i d u a l  d e t a i l e d  a n a t o m y  
p r o v i d e d  b y  M R I  h a s  f u r t h e r  e n h a n c e d  t h e  e f f e c t iv e  a n a t o m i c a l  r e s o l u t i o n  
o f  a l l  t y p e s  o f  f u n c t io n a l  im a g e  ( T a d o k o r o ,  1 9 9 3 , V o g t ,  1 995).
F o r  t h e  s t u d y  i l l u s t r a t e d  h e r e ,  t h e  a c q u i s i t i o n  p r o t o c o l  c o n s i s t e d  o f  
a c q u i r i n g  1 7  f r a m e s  o f  d u a l  e n e r g y  w i n d o w  3 -D  d a t a  a f t e r  t h e  in je c t io n  o f  -  
2 5 0  M B q  o f  n C - d i p r e n o r p h i n e .  6  a c q u i s i t i o n  f r a m e s  o f  d u r a t i o n  18 0  s  w e r e  
f o l l o w e d  b y  3 f r a m e s  o f  24 0  s , 4  f r a m e s  o f  3 0 0  s  a n d  4  f r a m e s  o f  6 0 0  s . T h e  
t o t a l  s c a n n i n g  t i m e  w a s  9 0  m i n u t e s .  T h e  a c q u i s i t i o n  t r a n s f e r  a n d  s t o r a g e  
s p e e d  o f  t h e  9 5 3 B  s c a n n e r  l i m i t e d  t h e  e x t e n t  to  w h i c h  s h o r t  t i m e  f r a m e s  
c o u l d  b e  a c q u i r e d .  T h is  r e s u l t e d  i n  k in e t i c  d a t a  s u i t a b l e  f o r  s p e c t r a l  a n a ly s i s  
b u t  n o t  c o m p a r t m e n t a l  a n a l y s i s ,  w h i c h  w o u l d  r e q u i r e  h i g h e r  t e m p o r a l  
s a m p l i n g .  T h e  t r a c e r  c o n c e n t r a t i o n  i n  a r t e r i a l  b l o o d  w a s  m o n i t o r e d  
c o n t i n o u s l y  f o r  t h e  d u r a t i o n  o f  t h e  s c a n  ( R a n ic a r ,  1991).
T h e  a m o u n t  o f  r a d i o - l a b e l l e d  t r a c e r  in je c te d  ( - 2 5 0  M B q )  w a s  c h o s e n  
t o  k e e p  t h e  p e a k  s i n g l e s  c o u n t  r a t e  b e l o w  t h e  r e g i o n  o f  n o n - l i n e a r i t y  
d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t io n s .  T h e  s in g le s  r a t e  r e a c h e d  i t s  m a x i m u m  o f  
2  M  c o u n t s  s - i  a t  4  m i n u t e s  a f t e r  t h e  s t a r t  o f  th e  s c a n . T h e  t o t a l  t r u e  c o u n t s  
r e c o r d e d  in  t h e  t w o  e n e r g y  w i n d o w s  f o r  t h e  d u r a t i o n  o f  t h e  s c a n  is  s h o w n  
i n  f i g u r e  7 .1 9 . T h e  r a t io  o f  t h e  c o u n t s  i n  t h e  tw o  e n e r g y  w i n d o w s  (C l : C u )  is  
a l s o  s h o w n  i n  t h i s  g r a p h  a n d  r e m a i n s  c o n s t a n t  (0 .3 4 7  ±  0 .0 0 1 ) . T h is  v a l u e  
d i f f e r s  c o n s i d e r a b l y  f r o m  t h e  v a l u e  o b t a i n e d  w i t h  t h e  2 0 0  m m  d i a m e t e r  
p h a n t o m s  d e s c r ib e d  in  t h e  p r e v i o u s  s e c t io n s ,  d u e  to  t h e  d i f f e r e n c e  i n  o b je c t  
s iz e .  I n  t h i s  c a s e ,  t h e  h e a d  g e n e r a t e s  le s s  s c a t t e r in g  a n d  th e r e f o r e  t h e  r a t i o  C l  
: C u  a v e r a g e d  o v e r  t h e  w h o le  i m a g in g  F O V  is  l o w e r  t h a n  f o r  t h e  c y l in d e r s .
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F igu re  7.19 C ounts , and ra tio  o f counts, in  low er and upper energy  
w indow s fo r  dynam ic acqu is ition  o f n C -d ip re n o rp h in e  s tudy.
T h e  n o r m a l i z e d  e m i s s i o n  d a t a  w e r e  c o r r e c t e d  f o r  s c a t t e r i n g ,  a n d  
a t t e n u a t i o n  a n d  s u b s e q u e n t l y  r e c o n s t r u c t e d  w i t h  a  r a m p  f i l t e r .  I n  f i g u r e  
7 .2 0 , t h e  im a g e s  f r o m  th e  s e c o n d  a c q u i s i t i o n  f r a m e  a r e  d i s p l a y e d .  F o r  c la r i ty ,  
o n l y  i m a g e s  f r o m  e v e r y  s e c o n d  p l a n e  a r e  s h o w n ,  l e a d i n g  t o  a  p l a n e  
s e p a r a t i o n  o f  6 m m . T h e  r a m p  f i l t e r  w a s  c h o s e n  to  m a i n t a i n  t h e  h i g h e s t  
p o s s i b l e  s p a t i a l  r e s o l u t i o n  i n  t h e  d a t a .  A l t h o u g h  th i s  r e s u l t e d  i n  h i g h  n o i s e  
c o n t e n t  i n  t h e  i m a g e s ,  t h e  s p e c t r a l  a n a l y s i s  p e r f o r m s  a  c o n t r a i n e d  
d e c o n v o l u t i o n  w h i c h  r e s u l t s  i n  a  f u n c t i o n a l  m a p  w i t h  l o w e r  n o i s e  c o n t e n t  
t h a n  t h e  o r ig in a l  d y n a m ic  d a ta .
I n  f i g u r e  7 .2 1 , t h e  p a r a m e t r i c  m a p s  o f  d i p r e n o r p h i n e  V d  a r e  s h o w n  
f o r  a  c e n t r a l  p l a n e  o f  t h e  im a g e  s e t .  T h e  c o - r e g i s t e r e d  M R  im a g e  o f  t h i s  
s u b je c t  i s  a l s o  d i s p l a y e d ,  w i t h  a n  o v e r l a y  o f  t h e  tw o  im a g e s  b e t w e e n  th e m .  
T h e s e  i m a g e s  i l l u s t r a t e  t h e  s t a t e - o f - t h e - a r t  p a r a m e t r i c  m a p s  t h a t  c a n  b e  
o b t a i n e d  w i t h  q u a n t i t a t i v e  3 -D  P E T  s c a n n i n g  a n d  s p e c t r a l  a n a l y s i s  a n d  
d e m o n s t r a t e  t h a t  t h e  d a t a  r e t a i n s  i t s  in t r i n s i c  s p a t i a l  r e s o l u t i o n  w h i c h  is
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F igure  7.20 Images fo r  the second fram e in  the dynam ic acqu is ition  o f a 
llC -d ip re n o rp h in e  scan. Each image is scaled to its own m axim um  value.
lo s t  in  a n  R O I a n a ly s is .
T h e  im p r o v e m e n t s  in  t h e  s t a t i s t i c a l  q u a l i ty ,  p r e c i s io n  a n d  a c c u r a c y  o f  
c l in ic a l  P E T  d a t a  c o l l e c te d  in  3 -D  a r e  n o w  b e c o m in g  e v i d e n t .  C o h o r t s  o f  
p a t i e n t s  a n d  n o r m a l  v o l u n t e e r s  w h o s e  s c a n s  h a v e  b e e n  a c q u i r e d  i n  3 -D  
m o d e  a r e  a d d i n g  to  a  b o d y  o f  d a t a  w h ic h  a l lo w s  th e  c o m p a r i s o n  w i t h  r e s u l t s  
a c q u i r e d  in  c o n v e n t io n a l  2 -D  m o d e .  R e c e n t  w o r k  in  th i s  a r e a  s h o w s  t h a t  t h e  
v a r i a b i l i t y  w i t h i n  g r o u p s  o f  n o r m a l  s u b je c ts  is  r e d u c e d  ( R a k s h i ,  1995) w h e n  
q u a n t i t a t i v e  3 -D  m e t h o d s  a r e  e m p lo y e d .  I n  p a r t i c u l a r ,  t h i s  h a s  b e e n  s h o w n  
to  b e  t r u e  o f  d a t a  c o r r e c t e d  w i t h  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  
( T o w n s e n d ,  1995).
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F ig u r e  7.21 Images o f  dtprettorphtne b in d in g  (left) obtained with 3 - D  
P E T  data corrected with the dual e n e r g y  w indow  method , coregistered  
with M R  images {right/ .  7h e  top plane shows the characteristic high  
concentration o f  binding sites tit the caudate and putam en and in the 
thalamus. Note also the relative lack of b inding  in the occipital cortex.
The I owe t plane clearly shows a band o f  low b in d in g  across the somato­
sensory  cortex - previously  only shown m  sections of animal brain.
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8. Discussion and Suggestions for Further Work.
8.1 Discussion.
T h e  a i m  o f  t h i s  w o r k  w a s  to  i n v e s t i g a t e  t h e  p o t e n t i a l  o f  u s i n g  
s i m u l t a n e o u s  m e a s u r e m e n t  o f  d a t a  in  t w o  e n e r g y  w i n d o w s  to  c o r r e c t  f o r  
s c a t t e r e d  p h o t o n s  i n  3 - D  P E T  b r a i n  s c a n n i n g .  T h i s  i n v e s t i g a t i o n  
e n c o m p a s s e d  e v a l u a t i o n  i n  b o t h  t e s t  o b j e c t s  a n d  in  v i v o  d a t a  a n d  
s u b s e q u e n t  p r a c t i c a l  i m p l e m e n t a t i o n  f o r  r o u t i n e  u s e  i n  c l in ic a l  s t u d i e s .  T o  
d a t e ,  s e v e r a l  h u n d r e d  c l in ic a l  s c a n s ,  u s i n g  a  v a r i e t y  o f  t r a c e r s ,  h a v e  b e e n  
a c q u i r e d  a n d  q u a n t i f i e d  w i t h  t h e  p r o t o c o l s  d e s c r i b e d  i n  t h i s  t h e s i s .  T h e s e  
h a v e  f o r m e d  t h e  b a s i s  f o r  r e s e a r c h  i n t o  a r e a s  s u c h  a s  e p i l e p s y  a n d  p a i n  
r e s p o n s e  i n  a d d i t i o n  to  n o r m a l  b r a i n  f u n c t io n .
A  n u m b e r  o f  o t h e r  m e t h o d s  f o r  c o r r e c t io n  o f  s c a t t e r i n g  c o n t r i b u t i o n s  
t o  3 - D  P E T  d a t a  h a v e  b e e n  d e v e l o p e d  i n  t h e  p a s t  f e w  y e a r s .  I n  t h i s  
c o n c l u d i n g  c h a p t e r ,  t h e s e  m e t h o d s  a r e  c o n s i d e r e d  a g a i n ,  i n  r e l a t i o n  to  
r e s u l t s  f r o m  t h e  d u a l  e n e r g y  w i n d o w  m e th o d .
W i t h o u t  i n t e r - p l a n e  s e p t a ,  t h e  s c a t t e r i n g  c o n t r i b u t i o n  to  P E T  d a t a  
f r o m  o u t - o f - p l a n e  a n d  o u t - o f - F O V  a c t i v i t y  i s  g r e a t l y  i n c r e a s e d .  A n y  
c o r r e c t io n  f o r  3 -D  P E T  d a t a  m u s t  t a k e  t h e s e  c o n t r i b u t i o n s  in to  a c c o u n t .  T h e  
d u a l  e n e r g y  w i n d o w  m e t h o d  p r o v i d e s  a n  i n d e p e n d e n t  m e a s u r e m e n t  t h a t  is  
u s e d  to  e s t i m a t e  t h e  c o n t r i b u t i o n  o f  e v e n t s  d u e  to  s c a t t e r e d  p h o t o n s  i n  t h e  
p h o t o p e a k  w i n d o w .  T o  a c h ie v e  th i s ,  f u n c t i o n s  r e l a t i n g  t h e  d i s t r i b u t i o n s  o f  
c o u n t s  i n  t h e  t w o  e n e r g y  w i n d o w s  n e e d  to  b e  d e t e r m i n e d .  I n  t h i s  w o r k ,  
s i m p l e  p h a n t o m  m e a s u r e m e n t s ,  s u p p o r t e d  b y  M o n t e  C a r l o  s i m u l a t i o n s ,  
w e r e  u s e d  to  t h i s  e n d .
G iv e n  t h a t  t h e  n a t u r e  o f  t h e  c o r r e c t io n  w a s  e s s e n t i a l l y  a  s u b t r a c t i o n ,  a  
m e a n s  o f  l im i t i n g  t h e  n o i s e  i n t r o d u c e d  b y  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  
h a d  to  b e  i m p l e m e n t e d .  S m o o th in g  t h e  s c a t t e r i n g  e s t im a te  d e r i v e d  f r o m  t h e  
d a t a ,  a v o i d e d  t h e  n e e d  f o r  s p a t i a l l y  a v e r a g i n g  t h e  d a t a  i n  t h e  l o w e r  e n e r g y
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w i n d o w ,  w h i c h  c o u l d  p o t e n t i a l l y  h a v e  r e s u l t e d  i n  im a g e  a r t i f a c t s .  I n  t h i s  
w a y ,  t h e  n o i s e  i n t r o d u c e d  b y  t h e  c o r r e c t i o n  h a s  b e e n  l i m i t e d  t o  a  s m a l l  
i n c r e a s e ,  w h i c h  w a s  s h o w n  to  b e  c o n s t a n t  o v e r  a  r a n g e  o f  s c a n n i n g  l e n g t h s ,  
a n d  h e n c e  c o u n t i n g  s t a t i s t i c s .  T h e  d u a l  e n e r g y  w i n d o w  m e t h o d  d e v e l o p e d  
h e r e  h a s  g e n e r a t e d  i n t e r e s t  f r o m  o t h e r  w o r k e r s  i n  t h e  3 -D  P E T  f ie ld .  T h e i r  
i n v e s t i g a t i o n s  h a v e  l e d  t h e m  to  t h e  s a m e  c o n c lu s io n  a b o u t  t h i s  a p p r o a c h  to  
n o i s e  r e d u c t i o n  ( B a r n e y ,  1 9 9 4 ) , (S o s s i ,  1 9 9 4 ). I n  c o n t r a s t  t o  t h i s  m e t h o d ,  
c o r r e c t io n s  w h i c h  r e ly  o n  a n a ly t i c a l  m o d e l s  o f  t h e  s c a t t e r i n g  c o m p o n e n t s  d o  
n o t  i n t r o d u c e  a d d i t i o n a l  n o i s e .
T h e  d e v e l o p e d  c o r r e c t i o n  w a s  s h o w n  t o  r e c o v e r  t h e  s p a t i a l  
u n i f o r m i t y  a c r o s s  t h e  im a g e s  i n  t e s t  o b je c ts  w h o s e  s i z e  m a t c h e d  t h e  h u m a n  
h e a d .  T h is  is  p e r h a p s  t h e  m o s t  f u n d a m e n t a l  r e q u i r e m e n t  o f  a  c o r r e c t i o n  
t e c h n i q u e  f o r  s c a t t e r i n g .  I n  t h i s  r e s p e c t ,  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  
c o m p a r e s  e x t r e m e l y  w e l l  w i t h  o t h e r  m e t h o d s .  O t h e r  c o r r e c t i o n s  t h a t  a r e  
a p p l i e d  t o  t h e  p r o j e c t i o n  d a t a  s u c h  a s  a t t e n u a t i o n  c o r r e c t i o n  a n d  
n o r m a l i z a t i o n ,  a l s o  a f f e c t  t h e  u n i f o r m i t y  a c r o s s  t h e  r e c o n s t r u c t e d  im a g e s .  I t  
is  t h e r e f o r e  i m p o r t a n t  t h a t  a l l  c o r r e c t io n s  t h a t  a r e  a p p l i e d  to  p r o j e c t i o n  d a t a  
a r e  o p t i m i z e d  i n d i v i d u a l l y .  T h is  o n - g o i n g  e n d e a v o u r  h a s  f o r m e d  a  l a r g e  
p a r t  o f  t h e  b a c k g r o u n d  w o r k  in  t h e  th e s i s .  T h e  m a i n  r e a s o n  f o r  t h e  s u c c e s s  
o f  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  is  t h a t  a l l  a s p e c t s  o f  e a c h  c o r r e c t i o n  
a p p l i e d  to  t h e  d a t a  h a v e  b e e n  a d d r e s s e d .
T h e  r e s u l t s  o f  p h a n t o m  e x p e r i m e n t s  s h o w  t h a t  c o n t r a s t  i n  i n a c t i v e  
t a r g e t  r e g io n s  w a s  r e s t o r e d  to  w i t h i n  5 %  o f  t h e  t r u e  z e r o  v a lu e ,  f o r  c o ld  s p o t s  
o f  v a r y i n g  d i m e n s i o n s .  R e la t i v e  a c t i v i t y  c o n c e n t r a t i o n s  w e r e  r e s t o r e d  to  
w i t h i n  6 %  o f  t h e i r  t r u e  v a l u e s  w i t h  a  r a n g e  o f  a c t i v i t y  d i s t r i b u t i o n  a n d  
o b je c t  s iz e .  T h e  t h r e e - c o m p a r t m e n t  p h a n t o m  h a s  b e e n  w i d e l y  u s e d  to  a s s e s s  
c o r r e c t i o n s  f o r  s c a t t e r i n g ,  a n d  o t h e r  m e t h o d s  h a v e  b e e n  s h o w n  to  p e r f o r m  
e q u a l l y  w e l l  i n  2 0 0  m m  d i a m e t e r  o b je c ts .  H o w e v e r ,  b y  p r e s e n t i n g  d a t a  f o r  a l l  
i n d i v i d u a l  i m a g e  p l a n e s ,  i t  h a s  b e e n  a s c e r t a i n e d  t h a t  t h e  d u a l  e n e r g y  
w i n d o w  m e t h o d  m a i n t a i n s  a c c u r a c y  a c r o s s  t h e  w h o l e  a x i a l  e x t e n t  o f  t h e
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s c a n n e r  ( - 1 0 0  m m ) .  T h is  is  i m p o r t a n t  i n  d e m o n s t r a t i n g  t h a t  t h e  c o r r e c t i o n  
a d e q u a t e l y  c o m p e n s a t e s  f o r  o u t - o f - p l a n e  s c a t t e r in g  c o n t r ib u t io n s .
A  c a l i b r a t i o n  m u s t  b e  a p p l i e d  to  t h e  P E T  d a t a  t o  g e n e r a t e  f u l l y  
q u a n t i t a t i v e  i m a g e s .  A  s i m p l e ,  e s t a b l i s h e d  c a l i b r a t i o n  m e t h o d  w a s  
i m p l e m e n t e d  i n  t h i s  t h e s i s  a n d  a p p l i e d  t o  o b je c t s  o f  h e a d  s i z e .  T h e  
c a l i b r a t i o n  f a c to r s  s h o w e d  l i t t l e  v a r i a t i o n  w i t h  o b je c t  s iz e ,  w h i c h  r e in f o r c e s  
t h e  f i n d i n g  t h a t  t h e  c o r r e c t io n  w a s  a c c u r a t e  o v e r  t h e  r a n g e  i n v e s t i g a t e d .  A n  
a c c u r a t e  c a l i b r a t i o n  o f  i m a g e  d a t a  w h i c h  h a s  b e e n  c o r r e c t e d  f o r  s c a t t e r i n g  is  
t h e  f i r s t  s t e p  t o w a r d s  a  u s e a b le  m e t h o d ,  a p p l i c a b l e  in  p r a c t ic e .
T h e  c o n t r i b u t i o n  o f  s c a t t e r i n g  f r o m  o u t- o f - F O V  a c t iv i t y  w a s  s h o w n  to  
b e  a c c u r a t e l y  c o r r e c t e d  f o r  w i t h  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d .  T h is  is  n o t  
t h e  c a s e  f o r  s o m e  o f  t h e  o t h e r  c o r r e c t i o n  t e c h n i q u e s ,  s u c h  a s  t h e  
c o n v o l u t i o n - s u b t r a c t i o n  m e t h o d  (B a i le y ,  1 9 9 4 ) , w h i c h  c a n n o t  e s t i m a t e  t h e  
o u t - o f - F O V  c o n t r i b u t i o n .  H o w e v e r ,  t o  d e m o n s t r a t e  a n y  d i f f e r e n c e  i n  
h a n d l i n g  o f  t h e  o u t - o f - F O V  c o n t r i b u t i o n  i n  t h e  9 5 3 B  s c a n n e r  g e o m e t r y ,  a  
r e l a t i v e l y  u n r e p r e s e n t a t i v e  s e t - u p  h a d  to  b e  d e v i s e d ,  w i t h  t h e  s o u r c e  o u t s i d e  
o f  t h e  s c a n n e r  F O V  ( S p in k s ,  1 9 9 4 ). I n  t e s t  p h a n t o m  g e o m e t r i e s  s i m u l a t i n g  
r e a l i s t i c  c o n d i t i o n s ,  w h e r e  t h e  m a j o r i t y  o f  t h e  s c a t t e r i n g  is  f r o m  t h e  s o u r c e  
l o c a t e d  i n s i d e  t h e  F O V , n o  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p e r f o r m a n c e  o f  t h e  
c o r r e c t io n s  is  s e e n  ( P a p a n ik o la o u ,  1993).
F o r  a  c o r r e c t io n  f o r  s c a t t e r e d  p h o t o n s  to  b e  f u l ly  a p p l i c a b l e  i n  c l in ic a l  
s t u d i e s ,  i t  n e e d s  to  b e  v a l i d a t e d  a c r o s s  t h e  w h o l e  d y n a m i c  r a n g e  o f  c o u n t  
r a t e s  l ik e ly  to  b e  e n c o u n t e r e d .  T o  th i s  e n d ,  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  
w a s  t e s t e d  w i t h  r a p i d l y  d e c a y i n g  p h a n t o m s .  A t  v e r y  h i g h  c o u n t  r a t e s  t h e  
e f f e c t  o f  p u l s e - p i l e  u p  c a u s e d  a  d i s t o r t i o n  i n  t h e  c o n s t a n t  r e l a t i o n s h i p  
b e t w e e n  c o u n t s  i n  t h e  t w o  e n e r g y  w i n d o w s .  T h e  e f f e c t s  o f  p i l e - u p  a r e  
u n d e s i r a b l e  i n  a n y  c o n d i t i o n ,  b u t  i t s  e f f e c t  is  e n h a n c e d  i n  t h e  d u a l  e n e r g y  
w i n d o w  c o r r e c t io n .  O u t s i d e  o f  t h e  n o n - l i n e a r  r a n g e ,  t h e  r i g o r o u s  t e s t  o f  a  
d u a l  i s o t o p e  p h a n t o m  s h o w e d  t h a t  t h e  c o r r e c t i o n  r e s t o r e d  c o n t r a s t  a n d
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l i n e a r i t y  f o r  a  w i d e  d y n a m i c  r a n g e  o f  c o u n t s .  P e r h a p s  d u e  to  t h e  p r a c t i c a l  
d i f f i c u l t i e s  o f  p e r f o r m i n g  3 -D  s t u d i e s ,  f e w  o t h e r  m e t h o d s  h a v e  y e t  b e e n  
t e s t e d  a s  f u l l y  i n  d y n a m ic  c o n d i t io n s .
O n l y  a f t e r  a  c o r r e c t i o n  f o r  s c a t t e r i n g  h a s  b e e n  f u l l y  v a l i d a t e d  i n  a  
r a n g e  o f  t e s t  c o n d i t i o n s  c a n  i t  b e  e x t e n d e d  to  in  v iv o  d a t a .  T h e  H o f f m a n  
b r a i n  p h a n t o m  o f f e r e d  t h e  o p p o r t u n i t y  to  d e v i s e  a  p r o c e d u r e  f o r  a  d e t a i l e d  
r e g i o n a l  c o m p a r i s o n  o f  3 -D  im a g e s  c o r r e c t e d  f o r  s c a t t e r i n g  w i t h  t h e  k n o w n  
d i s t r i b u t i o n  i n  a  c o m p l e x  o b je c t  s i m u l a t i n g  t h e  b r a i n .  A l t h o u g h  i m a g e s  
f r o m  t h e  p h a n t o m  h a v e  b e e n  u s e d  to  i l l u s t r a t e  t h e  a p p l i c a b i l i t y  o f  o t h e r  
c o r r e c t i o n s ,  i n  t h i s  w o r k  a  r e g i o n - b y - r e g i o n  a n a l y s i s  p r o v i d e d  a  m o r e  
d e t a i l e d  a s s e s s m e n t .  T h e  a n a l y s i s  w a s  e x t e n d e d  to  t h e  c o m p a r i s o n  o f  2 -D  
a n d  3 - D  i m a g e s  o f  t h e  s a m e  o b je c t ,  c r e a t i n g  a  r e f e r e n c e  f o r  i n  v i v o  
c o m p a r i s o n s .
2 -D  a n d  3 -D  im a g e s  o f  1 8 F -F D G  u p t a k e  in  a  h u m a n  v o l u n t e e r  w e r e  
c o m p a r e d  w i t h  t h e  s a m e  a n a ly s i s .  T h e  r e s u l t s  s h o w  t h a t  t h e  m e t h o d  r e t a i n s  
i t s  e f f ic a c y  i n  i n  v iv o  im a g in g .  T h e  d a t a  t h a t  h a s  b e e n  c o l l e c te d  is  s u i t e d  to  
c o r r e c t i o n  b y  o t h e r  m e t h o d s ,  a l l o w i n g  a  c o m p a r i s o n  to  b e  p e r f o r m e d .  I t  h a s  
b e e n  f o u n d  t h a t  c o r r e c t i o n  u s i n g  t h e  c o n v o l u t i o n - s u b t r a c t i o n  m e t h o d  
p e r f o r m s  v e r y  s im i l a r ly  t o  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  ( S p in k s ,  1 9 9 4 ).
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8.2 Suggestions for Further W ork.
A  f e a t u r e  o f  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  is  t h e  p o t e n t i a l  f o r  
u s i n g  i t  to  p e r f o r m  a n  o n - l i n e  c o r r e c t i o n ,  s i m i l a r  to  t h e  o n - l i n e  c o r r e c t i o n  
f o r  r a n d o m  e v e n t s  w h i c h  a r e  c a l c u l a t e d  f r o m  a  d e l a y e d  c o i n c i d e n c e  t i m e  
w i n d o w .  T h e  p r i n c i p l e  o f  t h e  t w o  m e t h o d s  is  t h e  s a m e ,  ie . t h e  o n - l i n e  
s u b t r a c t i o n  o f  t w o  d a t a  s e t s .  I f  t h i s  c o u l d  b e  p e r f o r m e d  a t  a c q u i s i t i o n ,  n o  
a d d i t i o n a l  c o m p u t a t i o n a l  o r  d a t a  s t o r a g e  o v e r h e a d  w o u l d  b e  i n c u r r e d  f o r  
t h e  d u a l  e n e r g y  w i n d o w  c o r r e c t i o n .  H o w e v e r ,  i n  t h e  p r e s e n t  
i m p l e m e n t a t i o n ,  t h e  d a t a  f r o m  t h e  t w o  e n e r g y  w i n d o w s  is  n o r m a l i z e d ,  a n d  
th e  s c a t t e r  e s t i m a t e  is  s m o o t h e d  to  o r d e r  to  m in im iz e  t h e  n o i s e  p r o p a g a t i o n  
i n  t h e  c o r r e c t io n .  I n  p r i n c i p l e ,  w i t h  a p p r o p r i a t e  L U T s , t h e  d a t a  c o u l d  b e  
c o r r e c t e d  o n - l i n e ,  b u t  i t  s t i l l  r e m a i n s  t o  b e  s h o w n  t h a t  t h e  c o r r e c t i o n  is  
r o b u s t  e n o u g h  to  w a r r a n t  i m p l e m e n t a t i o n  o n - l i n e ,  w h e r e  t h e  a d v a n t a g e  
w o u l d  b e  to  d i s p e n s e  w i t h  t h e  c o l l e c t i o n  a n d  s t o r a g e  o f  a  s e c o n d  e n e r g y  
w i n d o w  d a t a  s e t .
A n  o b v i o u s  d i s a d v a n t a g e  o f  t h e  d u a l  e n e r g y  w i n d o w  m e t h o d  is  t h a t  
i t  a u t o m a t i c a l l y  d o u b l e s  t h e  a l r e a d y  c o n s id e r a b l e  3 -D  s i n o g r a m  d a t a  s e t  s iz e .  
T h i s  h a s  b e e n  a  s i g n i f i c a n t  r e s t r i c t i o n  i n  t h e  c o l l e c t io n  o f  m u l t i - f r a m e  d a t a  
o n  t h e  9 5 3 B  s c a n n e r ,  w h i c h  h a s  b e e n  a d d r e s s e d  in  p a r t  b y  d a t a  a v e r a g i n g  
t e c h n i q u e s  s u c h  a s  " m a s h i n g "  a n d  " t r i m m i n g "  o f  t h e  p r o j e c t i o n s .  I t  w a s  
s u g g e s t e d  t h a t  t h e  lo w e r  e n e r g y  w i n d o w  c o u ld  b e  a v e r a g e d  f u r t h e r  b y  s in g le  
s l ic e  r e b i n n i n g ,  to  b r i n g  i t  d o w n  to  t h e  s iz e  o f  a  2 -D  d a t a  s e t .  T h is  h a s  b e e n  
i m p l e m e n t e d  a n d  s h o w n  to  h a v e  c o n s i d e r a b l e  p o t e n t i a l .  N o  s i g n i f i c a n t  
d i f f e r e n c e  w a s  s e e n  in  c l in ic a l  a n a ly s e s  o f  im a g e s  c o r r e c t e d  w i t h  t h e  f u l l  s i z e
3 -D  l o w e r  e n e r g y  w i n d o w  d a t a  s e t  c o m p a r e d  to  a  2 -D  l o w e r  e n e r g y  w i n d o w  
( S p i n k s ,  1 9 9 3 ) . T h i s  a p p r o a c h  is  h o w e v e r  o n l y  i n t e r e s t i n g  i f  t h e  d a t a  
r e d u c t i o n  c a n  t a k e  p l a c e  a t  a c q u i s i t i o n  t i m e ,  w h i c h  h a s  b e e n  t h e  r a t e -  
l i m i t i n g  s t e p .  I n  t h e  l a t e s t  g e n e r a t i o n  o f  3 -D  C T I / S i e m e n s  P E T  s c a n n e r s ,  t h e  
d a t a  c o l l e c t i o n  f o r  b o t h  p h o t o p e a k  a n d  s e c o n d a r y  e n e r g y  w i n d o w s  c a n  b e  
c o n f i g u r e d  f o r  s i n g l e  s l i c e  r e b i n n i n g ,  a n d  s in c e  t r a n s f e r  a n d  s t o r a g e
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p e r f o r m a n c e s  a r e  v a s t l y  i m p r o v e d ,  t h e  s i z e  o f  t h e  3 -D  d a t a  s e t s  is  n o  l o n g e r  
s u c h  a  l im i t a t i o n .
O n e  a s p e c t  o f  a  d u a l  e n e r g y  w i n d o w  m e t h o d  w h i c h  p o s e s  
c o n s i d e r a b l e  p r a c t i c a l  p r o b l e m s  is  t h e  v a r i a t i o n  i n  t h e  c o r r e c t io n  p a r a m e t e r s  
w i t h  d r i f t s  i n  t h e  s c a n n e r  r e s p o n s e  ( b y  w h i c h  is  m e a n t  t h e  r e l a t i v e  a n d  
a b s o l u t e  e f f ic ie n c y  o f  t h e  d e te c to r s ) .  T h e s e  d r i f t s ,  w h ic h  h a v e  b e e n  s h o w n  to  
o c c u r  w i t h  m o d e r a t e  a m b i e n t  t e m p e r a t u r e  c h a n g e ,  i n t r o d u c e  t h e  m a j o r  
s o u r c e  o f  i n a c c u r a c y  a n d  i n s t a b i l i t y  o f  t h e  m e th o d .  A l t h o u g h  v a r i a t i o n s  i n  
t h e  r e s p o n s e  o f  t h e  s c a n n e r  a r e  u n d e s i r a b l e  u n d e r  a n y  s c a n n i n g  c o n d i t i o n ,  
t h e  n a t u r e  o f  t h e  d u a l  e n e r g y  w i n d o w  is  s u c h  t h a t  e r r o r s  a r e  c o m p o u n d e d :  a  
lo s s  o f  c o u n t  i n  o n e  w i n d o w  w i l l  u s u a l l y  m e a n  a n  a s s o c i a t e d  g a i n  i n  t h e  
o t h e r  w i n d o w .  A  b i a s  m a y  t h u s  b e  i n t r o d u c e d  in  t h e  r a t i o  o f  c o u n t s  i n  t h e  
t w o  w i n d o w s ,  w h i c h  f o r m s  t h e  b a s i s  f o r  t h e  c o r r e c t io n  p a r a m e t e r s .  M e t h o d s  
t h a t  m a k e  u s e  o f  a n a ly t i c a l  d e s c r i p t i o n s  o f  t h e  s c a t t e r i n g  r e s p o n s e  f u n c t i o n  
a r e  n o t  a s  s u s c e p t i b l e  to  c h a n g e s  i n  s c a n n e r  r e s p o n s e .  T o  e n s u r e  t h a t  t h e  
d u a l  e n e r g y  w i n d o w  c o r r e c t i o n  r e t a i n s  i t s  r e l i a b i l i t y  a n d  a c c u r a c y ,  a n y  
p o t e n t i a l  i n s t a b i l i t y  s h o u l d  b e  e i t h e r  m i n i m i z e d  b y  c a r e f u l  s c a n n e r  s e t - u p .  
A l t e r n a t i v e l y ,  f r e q u e n t  c a l i b r a t i o n  s c a n s  o f  b o t h  s y s t e m  e f f i c i e n c y  a n d  
c o r r e c t io n  p a r a m e t e r s  s h o u l d  b e  p e r f o r m e d  to  t r a c k  a n y  v a r i a t i o n s .
I n  t h e  9 5 3 B  s c a n n e r  g e o m e t r y ,  t h e  f u n c t i o n  r e l a t i n g  c o u n t s  d u e  to  
s c a t t e r i n g  i n  t h e  t w o  e n e r g y  w i n d o w s  h a s  b e e n  f o u n d  to  v a r y  w i t h  d i s t a n c e  
f r o m  t h e  s o u r c e  b u t  n o t  s ig n i f i c a n t ly  w i t h  s o u r c e  p o s i t i o n .  F u r t h e r m o r e ,  t h e  
v a r i a t i o n  is  s m a l l  i n  a  h e a d  s i z e d  o b je c t  a n d  to  s im p l i f y  t h e  i m p l e m e n t a t i o n  
o f  t h e  c o r r e c t io n ,  t h e  f i r s t  o f  i t s  t y p e  i n  P E T , t h i s  f u n c t io n  w a s  i n i t i a l l y  f ix e d  
a t  a  c o n s t a n t  v a lu e .  T h is  a p p r o x i m a t i o n  r e s u l t e d  i n  a n  o v e r - c o r r e c t io n  a t  t h e  
e d g e s  a n d  o u t s i d e  t h e  o b je c t ,  w i t h o u t  h o w e v e r  c o m p r o m i s i n g  t h e  a c c u r a c y  
o f  t h e  r e c o n s t r u c t e d  im a g e s  w i t h i n  o b je c ts  o f  d i a m e te r  o f  1 5 0  to  2 0 0  m m . F o r  
l a r g e r  o b je c ts ,  t h i s  a p p r o x i m a t i o n  m a y  n o  lo n g e r  b e  v a l id .  H o w e v e r ,  i t  is  
a l s o  a n t i c i p a t e d  t h a t  f o r  a  l a r g e r  o b je c t ,  t h e  s c a t t e r in g  r a t i o  p a r a m e t e r  w i l l  b e  
o f  a  d i f f e r e n t  s h a p e  a n d  w i l l  r e q u i r e  f u r t h e r  c h a r a c te r i s a t io n .
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W it h  p a r t i c u l a r  r e g a r d  to  t h e  d u a l  e n e r g y  w i n d o w  c o r r e c t io n  t h a t  h a s  
b e e n  i m p l e m e n t e d  h e r e ,  t h e  m a i n  s c o p e  f o r  t h e  i m p r o v e m e n t  o f  i t s  a c c u r a c y  
is  b y  t h e  d e f i n i t i o n  o f  t h e  c o r r e c t i o n  p a r a m e t e r s .  A  f u n c t i o n  f o r  t h e  
p a r a m e t e r  r e l a t i n g  t h e  c o u n t s  d u e  t o  s c a t t e r i n g  p h o t o n s  c o u l d  b e  
i m p l e m e n t e d  to  t a k e  in to  a c c o u n t  t h e  n a t u r e  o f  i t s  s p a t i a l  v a r i a b i l i t y .  A n  
a l t e r n a t i v e  to  t h i s ,  w h i c h  h a s  t h e  s a m e  n e t  r e s u l t ,  is  to  f i l t e r  t h e  p r o j e c t i o n  
d a t a  i n  o n e  o f  t h e  e n e r g y  w i n d o w s  to  g e n e r a t e  p r o j e c t io n s  i n  b o t h  e n e r g y  
w i n d o w s  w h o s e  r a t i o  is  c o n s t a n t .
A n o t h e r  e n e r g y - b a s e d  m e t h o d  m e n t i o n e d  p r e v i o u s l y  ( B e n d r i e m ,  
1 9 9 3 ) , a t t e m p t s  t o  m a k e  th e  d u a l  e n e r g y  w i n d o w  c o r r e c t io n  le s s  d e p e n d e n t  
o n  t h e  c h a r a c t e r i z a t i o n  o f  t h e  s c a t t e r i n g  r a t i o  f u n c t io n ,  b y  s e t t i n g  a  s e c o n d  
e n e r g y  w i n d o w  a b o v e  th e  p h o t o p e a k ,  s o  t h a t  i t  d o e s  n o t  c o n t a i n  a n y  c o u n t  
d u e  to  s c a t t e r in g .  T h e  m e t h o d  t h u s  c o n s i s t s  o f  e x t r a c t in g  t h e  c o u n t s  d u e  to  
u n s c a t t e r e d  p h o t o n s  d i r e c t ly .
P o t e n t i a l  i m p r o v e m e n t s  i n  t h e  a c c u r a c y  o f  t h e  e s t i m a t i o n  o f  t h e  
s c a t t e r i n g  e s t i m a t e  h a v e  b e e n  s u g g e s t e d  w i t h  a  t r i p l e  e n e r g y  w i n d o w  
c o r r e c t i o n  (S h a o ,  1 9 9 4 ). T h e  t e c h n i q u e  w a s  s h o w n  to  p a r t i a l l y  c o m p e n s a t e  
f o r  o b j e c t - d i s t r i b u t i o n  d e p e n d e n t  s c a t t e r i n g  a n d  t o  r e t a i n  q u a n t i t a t i v e  
a c c u r a c y  f o r  d i f f e r e n t  p h a n t o m  s iz e s .  A l t h o u g h  t h e  t r i p l e  e n e r g y  w i n d o w  
c o r r e c t i o n  w a s  s h o w n  t o  b e  m o r e  a c c u r a t e  i n  e s t i m a t i n g  s c a t t e r i n g  
c o n t r i b u t i o n s  f o r  s i m u l a t e d  d a t a  t h a n  t h e  d u a l  e n e r g y  w i n d o w ,  o n c e  t h e  
c o r r e c t i o n  w a s  a p p l i e d  to  m e a s u r e d  d a t a  n o  d i f f e r e n c e  b e t w e e n  t h e  t w o  
m e t h o d s  w a s  d i s c e r n a b l e  i n  t h e  r e c o n s t r u c t e d  i m a g e s  o f  a  c o l d  s p o t  
p h a n t o m .  M u l t i p l e  e n e r g y  w i n d o w  m e t h o d s  h a v e  b e e n  s u g g e s t e d  a s  a  
m e a n s  o f  e x t r a c t i n g  t h e  m a x i m u m  a m o u n t  o f  i n f o r m a t i o n  f r o m  t h e  
p r o j e c t i o n  d a t a ,  e n a b l i n g  i n d i v i d u a l s  c o m p o n e n t s  o f  t h e  s c a t t e r i n g  
c o n t r i b u t i o n  to  b e  i s o l a t e d  ( B e n to u r k ia ,  1 9 9 5 ). T h is  o f f e r s  t h e  o p p o r t u n i t y  o f  
r e c l a i m i n g  t h o s e  e v e n t s  t h a t  o r i g i n a t e  f r o m  p h o t o n s  w h i c h  u n d e r g o  
s c a t t e r i n g  i n  t h e  d e t e c to r s ,  a n d  a r e  t h u s  r e g i s t e r e d  w i t h  l o w e r  e n e r g i e s  b u t  
c o n t a i n  s p a t i a l  i n f o r m a t i o n  a b o u t  t h e  s o u r c e .  A t  p r e s e n t  t h i s  w o r k  is  a t  t h e  
s i m u l a t i o n  p h a s e ,  a n d  t h e  c h a l l e n g e s  o f  d a t a  a c q u i s i t i o n  a n d  s t o r a g e  o f
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m u l t i - s p e c t r a l  P E T  d a t a  h a v e  y e t  to  b e  a d d r e s s e d .
A l t h o u g h  a t  p r e s e n t ,  h a r d w a r e  a n d  s o f tw a r e  l im i t a t i o n s  d o  n o t  e n a b le  
t h e  a c q u i s i t i o n  o f  m o r e  t h a n  t w o  e n e r g y  w i n d o w s  o n  t h e  m a j o r i t y  o f  
c o m m e r c i a l  s c a n n e r s ,  t h e  p o t e n t i a l  i m p l e m e n t a t i o n  o f  l i s t  m o d e  a c q u i s i t i o n  
in  n e w  g e n e r a t i o n  3 -D  s c a n n e r s  w o u l d  i n t r o d u c e  th e  n e c e s s a r y  f l e x ib i l i ty  to  
a l l o w  t h e  i n v e s t i g a t i o n  o f  t h e s e  t y p e s  o f  a p p r o a c h e s  i n  e x p e r i m e n t a l  
p r a c t i c e .  L is t  m o d e  a c q u i s i t i o n  s to r e s  c o in c id e n c e s  e v e n t - b y - e v e n t ,  w i t h  e a c h  
e v e n t  t a g g e d  w i t h  a  l o c a t io n  a n d  a n  e n e r g y .
I n  t h e  h u m a n  b r a i n  s t u d i e s  f o r  w h i c h  t h e  c o r r e c t io n  d e s c r i b e d  i n  t h e  
t h e s i s  w a s  d e v e l o p e d ,  t h e  c o n t r i b u t i o n  o f  s c a t t e r i n g  f r o m  o u t s i d e  t h e  a x ia l  
F O V  is  v e r y  s m a l l ,  a n d  u s u a l l y  d o e s  n o t  c o m p r o m is e  t h e  a c c u r a c y  o f  m o s t  o f  
t h e  s c a t t e r  c o r r e c t io n s  m e n t i o n e d  h e r e .  T h is  is  d u e  i n  p a r t  to  t h e  a d d i t i o n a l  
s h i e l d i n g  a t  t h e  f r o n t  o f  t h e  s c a n n e r  ( th e  e n d  o f  t h e  s c a n n e r  n e a r e s t  t h e  r e s t  
o f  t h e  b o d y ) ,  a n d  to  t h e  r e l a t i v e l y  s m a l l  r i n g  d i a m e t e r ,  b o t h  o f  w h i c h  l i m i t  
t h e  a c c e p ta n c e  a n g le  f o r  s c a t t e r e d  p h o t o n s  f r o m  th e  b o d y .
T h e  a c c u r a t e  c o r r e c t i o n  f o r  o u t - o f - F O V  s c a t t e r  w i l l  b e  o f  p a r t i c u l a r  
i n t e r e s t  i n  3 -D  s c a n s  o f  t h e  b o d y ,  ie .  c a r d i a c ,  p u l m o n a r y  a n d  o n c o l o g y  
s t u d i e s .  T h e s e  s t u d i e s  h a v e  n o t  y e t  b e c o m e  a s  r o u t i n e  a s  3 -D  b r a i n  s t u d i e s ,  
b e c a u s e  o f  t h e  p r o b l e m s  o f  s c a t t e r in g ,  a n d  th i s  w i l l  b e  t h e  a r e a  w h e r e  m o s t  
e f f o r t  is  c o n c e n t r a t e d  i n  t h e  f u t u r e .  S c a n n in g  o f  t h e  t h o r a x  a n d  lo w e r  b o d y  
i n t r o d u c e s  a n  a d d i t i o n a l  o r d e r  o f  c o m p le x i ty ,  n a m e l y  t h e  i n h o m o g e n e i t y  o f  
t h e  a t t e n u a t i o n  m e d ia .  S o m e  c o r r e c t i o n  m e t h o d s  a r e  n o w  b e i n g  d e v e l o p e d  
s p e c i f i c a l ly  to  a d d r e s s  t h i s  p r o b l e m  ( O l l in g e r ,  1 993 ; H i l t z ,  1 9 9 4 ). W i t h  r e s p e c t  
to  t h e  a p p l i c a b i l i t y  o f  t h e  d u a l  e n e r g y  w i n d o w  to  s u c h  c o n d i t i o n s ,  t h e  n a t u r e  
o f  t h e  v a r i a t i o n  o f  t h e  c o r r e c t io n  p a r a m e t e r s  o f  t h e  d u a l  e n e r g y  w i n d o w  in  
s u c h  g e o m e t r i e s  r e m a i n s  to  b e  i n v e s t i g a t e d .
A n  i m p o r t a n t  a d v a n t a g e  o f  t h e  c o r r e c t io n s  b a s e d  o n  a  d u a l  e n e r g y  
w i n d o w  a c q u i s i t i o n  is  t h a t  t h e y  a c c o u n t  f o r  c o n t r i b u t i o n s  f r o m  s c a t t e r i n g  
d u e  to  o u t - o f - F O V  a c t iv i ty .  T h is  w i l l  b e c o m e  m o r e  s i g n i f i c a n t  i n  t h e  n e w  
g e n e r a t i o n s  o f  s c a n n e r  w h i c h  h a v e  e x t e n d e d  a x ia l  F O V  a n d  l a r g e  d i a m e t e r  
d e t e c t o r  r i n g s .  C o r r e c t i o n s  b a s e d  o n  a  s i m u l a t i o n  o f  t h e  s c a t t e r i n g
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c o n t r i b u t i o n  f r o m  t h e  e m i s s i o n  i m a g e  a n d  t h e  a t t e n u a t i o n  m a p  c o m m o n l y  
s t i l l  r e q u i r e  t h e  f i n a l  e s t i m a t e  t o  b e  s c a l e d  to  a c c o u n t  f o r  o u t - o f - F O V  
s c a t t e r i n g  c o n t r ib u t io n s .  T h is  s c a l in g  is  a ls o  a  p r e - r e q u i s i t e  i f  t h e  m o d e l  d o e s  
n o t  i n c l u d e  p h o t o n s  t h a t  s c a t t e r  m o r e  t h a n  o n c e  b e f o r e  b e i n g  d e t e c t e d .  T h e  
d u a l  e n e r g y  w i n d o w  c o r r e c t io n  m e t h o d  r e q u i r e s  n o  s u c h  s c a l in g .  H o w e v e r ,  
i n  t h e  l i g h t  o f  i t s  s e n s i t i v i t y  to  c h a n g e s  i n  s c a n n e r  r e s p o n s e ,  c o n s i d e r a b l e  
c h a l l e n g e s  e x i s t  i n  m a k i n g  t h i s  m e t h o d  r o b u s t  e n o u g h  f o r  w i d e s p r e a d  
r o u t i n e  u s e .  I t  is  u n l i k e l y  t h a t  t h e  d u a l  e n e r g y  w i n d o w  c o r r e c t i o n  i n  i t s  
p r e s e n t  i m p l e m e n t a t i o n  w i l l  b e c o m e  t h e  m e t h o d  o f  c h o ic e  f o r  w h o l e - b o d y
3 -D  s c a n n i n g .  I t  i s  s u g g e s t e d  t h a t  e f f o r t  s h o u l d  b e  p l a c e d  i n  d e v e l o p i n g  a  
c o m b i n e d  a p p r o a c h ,  w h e r e  a c c u r a t e  e s t i m a t e s  o f  t h e  s c a t t e r i n g  w i t h i n  t h e  
F O V  is  c o m p u t e d  u s i n g  a  a n a ly t i c a l  a p p r o a c h .  T h is  c o u l d  b e  b a s e d  o n  im a g e  
e s t i m a t e s  o f  t h e  s o u r c e  d i s t r i b u t i o n  w i t h  a t t e n u a t i o n  i n f o r m a t i o n  o b t a i n e d  
f r o m  t r a n s m i s s i o n  d a ta .  T h e  o u t- o f - F O V  c o n t r i b u t i o n  c a n  t h e n  b e  e s t i m a t e d  
d i r e c t l y  u s i n g  a  d u a l  e n e r g y  w i n d o w  m e a s u r e m e n t .
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A P P E N D IX  A
P a r a m e t e r s  f o r  t h e  c o r r e c t i o n  a p p l i e d  t o  2 -D  d a t a  c o l l e c te d  f r o m  t h e  
s c a n n e r  w e r e  d e r i v e d  f o r  t h e  r o u t i n e l y  s e le c te d  e n e r g y  w i n d o w ,  3 8 0 -8 5 0  k e V , 
s in c e  t h i s  d i f f e r s  f r o m  t h a t  i m p l e m e n t e d  b y  t h e  m a n u f a c t u r e r s  (2 5 0 -8 5 0  
k e V ) .  A  l i n e  s o u r c e  w a s  p l a c e d  i n  t h e  c e n t r e  o f  a  w a t e r - f i l l e d  2 0 0  m m  
d i a m e t e r  c y l i n d e r  a n d  s i n o g r a m  d a t a  a c q u i r e d .  T h e  s c a t t e r  f r a c t i o n  a n d  s lo p e  
o f  s c a t t e r  d i s t r i b u t i o n  w e r e  c a l c u l a t e d  f o r  a l l  31  a c q u i s i t i o n  p l a n e s  ( u s i n g  
m o n o - e x p o n e n t i a l  f i t t i n g ) ,  a n d  t h e  r e s u l t s ,  w h i c h  a r e  u s e d  a s  i n p u t  t o  t h e  
u s e r - s o f t w a r e  s c a t t e r  c o r r e c t io n  r o u t i n e ,  a r e  s h o w n  in  t a b l e  A .I .
2-D Scattering Correction Param eters
P l a n e  n u m b e r  S c a t te r  f r a c t io n  (± 0 .0 1 ) S lo p e  (± 0 .0 0 1 ) [c m -1]
1 0 .1 5 3  0 .0 6 8
2  0 .1 5 7  0 .0 6 6
3  0 .1 5 4  0 .0 6 0
4  0 .1 6 8  0 .061
5  0 .1 7 3  0 .0 6 2
6 0 .1 8 2  0 .0 6 2
7  0 .1 8 0  0 .0 6 2
8 0 .1 9 3  0 .0 6 3
9 0 .1 8 9  0 .0 6 3
10 0 .2 0 2  0 .0 6 3
11 0 .1 9 2  0 .0 6 3
12 0 .2 0 3  0 .0 6 3
13 0 .1 9 7  0 .0 6 3
14 0 .211  0 .0 6 4
15 0 .1 9 7  0 .0 6 3
16 0 .2 1 1  0 .0 6 5
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17 0 .1 8 3 0 .0 6 4
18 0 .191 0 .0 6 5
19 0 .1 8 2 0 .0 6 3
20 0 .193 0 .0 6 4
21 0 .181 0 .0 6 4
22 0 .1 9 7 0 .0 6 4
23 0 .1 8 4 0 .0 6 3
24 0 .1 9 4 0 .0 6 3
25 0 .178 0 .0 6 2
26 0 .181 0 .0 6 3
2 7 0 .1 6 6 0 .061
28 0 .1 6 6 0 .061
29 0 .1 4 6 0 .061
30 0 .140 0 .0 6 7
31 0 .1 2 7 0 .0 7 0
Table  A . l  Scatter fra c tio n  and slopes o f sca tte ring  response fu n c tio n  fo r  
a ll planes o f a line source acquired in  2 -D  mode w ith  septa.
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s c a n n e r . "  T N u c  M e d  35 (8 ): 1 3 9 8 -1 4 0 6 .
D e K e m p ,  R .A . a n d  N a h m i a s ,  C . (1 9 9 4 ) . " A t t e n u a t i o n  c o r r e c t i o n  i n  P E T  
u s i n g  s in g le  p h o t o n  t r a n s m i s s i o n  m e a s u r e m e n t . "  M e d  P h y s  2 1 (6 ): 7 7 1 -7 7 8 .
D e n t ,  H .M . ,  J o n e s ,  W .F . a n d  C a s e y ,  M .E . (1 9 8 6 ) . " A  r e a l  t i m e  d i g i t a l  
c o in c id e n c e  p r o c e s s o r  f o r  p o s i t r o n  e m is s io n  t o m o g r a p h y . "  IE E E  T r a n s  N u c l  
S c i 3 3 (1 ): 5 5 6 -5 5 9 .
D e r e n z o ,  S .E . (1 9 7 9 ). " P r e c i s io n  m e a s u r e m e n t  o f  a n n i h i l a t i o n  p o i n t  s p r e a d  
d i s t r i b u t i o n s  f o r  m e d i c a l l y  i m p o r t a n t  p o s i t r o n  e m i t t e r s . "  P o s i t r o n  
A n n i h i l a t i o n . H a s i g u t i ,  R .R . a n d  F u j i w a r a ,  K . S e n d a i ,  J a p a n ,  T h e  J a p a n  
I n s t i t u t e  o f  M e ta ls :  8 1 9 -8 2 4 .
D e r e n z o ,  S .E . (1 9 8 0 ). " A  m e t h o d  f o r  o p t i m i z i n g  s i d e  s h i e l d i n g  i n  p o s i t r o n  
e m i s s i o n  t o m o g r a p h s  a n d  f o r  c o m p a r i n g  d e t e c t o r  m a t e r i a l s . "  T N u c l  M e d  
2 1 (10 ): 9 7 1 -9 7 7 .
D e r e n z o ,  S .E . (1 9 8 6 ). " M a t h e m a t i c a l  r e m o v a l  o f  p o s i t r o n  r a n g e  b l u r r i n g  in  
h i g h  r e s o l u t i o n  t o m o g r a p h y . "  IE E E  T r a n s  N u c l  Sci 33 (1 ): 5 6 5 -5 6 9 .
D e r e n z o ,  S .E ., B u d in g e r ,  T .F ., C a h o o n ,  J .L ., G r e e n b e r g ,  W .L ., H u e s m a n ,  R .H . 
a n d  V u le t i c h ,  T . (1 9 7 9 ). " T h e  D o n n e r  2 8 0 - c r y s ta l  h i g h  r e s o l u t i o n  p o s i t r o n  
t o m o g r a p h . "  IE E E  T r a n s  N u c l  S ci 2 6 (2 ): 2 7 9 0 -2 7 9 3 .
D e r e n z o ,  S .E ., H u e s m a n ,  R .H .,  C a h o o n ,  J .L ., G e y e r ,  A ., U b e r ,  D ., V u le t i c h ,  T . 
a n d  B u d i n g e r ,  T .F . (1 9 8 7 ) . " I n i t i a l  r e s u l t s  f r o m  t h e  D o n n e r - 6 0 0  p o s i t r o n  
t o m o g r a p h . "  IE E E  T r a n s  N u c l  S c i 34 (1 ): 3 2 1 -3 2 5 .
1 9 8
D y s o n ,  N .  (1 9 6 0 ) . " T h e  a n n i h i l a t i o n  c o i n c i d e n c e  m e t h o d  o f  l o c a l i z i n g  
p o s i t r o n - e m i t t i n g  i s o to p e s ,  a n d  a  c o m p a r i s o n  w i t h  p a r a l l e l  c o u n t i n g . "  P h y s  
M e d  B io l 4: 3 7 6 -3 9 0 .
E n d o ,  M . a n d  I i n u m a ,  T . (1 9 8 4 ). " S o f tw a r e  c o r r e c t io n  o f  s c a t t e r  c o in c id e n c e  
in  p o s i t r o n  C T ."  E u r o p e a n  I N u c l  M e d  9: 3 9 1 -3 9 6 .
F a r a c i ,  G ., N o t a r r i g o ,  S. a n d  P e n n i s i ,  A .R . (1 9 7 9 ). " D e a d  t i m e  c o r r e c t i o n s  i n  
c o i n c i d e n c e  m e a s u r e m e n t s  b y  t i m e - t o - p u l s e - h e i g h t  c o n v e r t e r s  o r  s t a n d a r d  
c o in c id e n c e  s y s t e m s ."  N u c l  I n s t r  M e th  1 6 5 (2 ): 3 2 5 -3 3 2 .
F a r u k h i ,  M . (1 9 8 2 ). " R e c e n t  d e v e l o p m e n t s  i n  s c in t i l l a t i o n  d e t e c t o r s  f o r  X - ra y  
C T  a n d  p o s i t r o n  C T  a p p l i c a t i o n s ."  IE E E  T r a n s  N u c l  S c i 29 (3 ): 1 2 3 7 -1 2 4 9 .
F ic k e ,  D . a n d  T e r - P o g o s s ia n ,  M . (1 9 9 0 ). " H a r d e n i n g  o f  a n n i h i l a t i o n  r a d i a t i o n  
f o r  i m p r o v e d  c o i n c i d e n c e  d e t e c t i o n  i n  P E T ."  IE E E  T r a n s  M e d  I m a g i n g  1: 
1 3 0 3 -1 3 0 4 .
G e n n a ,  S. a n d  S m i th ,  A .P . (1 9 8 8 ). " T h e  d e v e l o p m e n t  o f  A S P E C T , a n  a n g u l a r  
s i n g l e  c r y s t a l  b r a i n  c a m e r a  f o r  h i g h  e f f ic ie n c y  S P E C T ."  IE E E  T r a n s  N u c l  S c i 
N S -3 5 : 6 5 4 -6 5 8 .
G e r m a n o ,  G . a n d  H o f f m a n ,  E .J . (1 9 8 8 ) . " I n v e s t i g a t i o n  o f  c o u n t  r a t e  a n d  
d e a d t i m e  c h a r a c t e r i s t i c s  o f  a  h i g h  r e s o l u t i o n  P E T  s y s t e m ."  T C o m p u t  A s s i s t  
T o m o g r  1 2 (5 ): 8 3 6 -8 4 6 .
G e r m a n o ,  G . a n d  H o f f m a n ,  E .J . (1 9 9 0 ) .  " A  s t u d y  o f  d a t a  l o s s  a n d  
m i s p o s i t i o n i n g  d u e  to  p i l e u p  in  2 -D  d e t e c t o r s  i n  P E T ."  IE E E  T r a n s  N u c l  S c i 
3 7 (2 ): 6 7 1 -6 7 5 .
G i l a r d i ,  M .C .,  B e t t i n a r d i ,  V ., T o d d - P o k r o p e k ,  A ., M i la n e s i ,  L . a n d  F a z io ,  F.
1 9 9
(1 9 8 8 ). " A s s e s s m e n t  a n d  c o m p a r i s o n  o f  t h r e e  s c a t t e r  c o r r e c t io n  t e c h n i q u e s  i n  
s in g l e  p h o t o n  e m is s io n  c o m p u t e d  t o m g r a p h y . "  1 N u c l  M e d  2 9 (1 2 ): 1 9 7 1 - 
1979 .
G r o o t o o n k ,  S. (1 9 9 0 ). " I n v e s t i g a t i o n  o f  s c a t t e r  i n  a  n e w  d e s i g n  o f  p o s i t r o n  
to m o g r a p h "  M S c  d i s s e r t a t i o n ,  U n i v e r s i t y  o f  S u r r e y .
G r o o t o o n k ,  S ., S p i n k s ,  T .J .,  J o n e s ,  T .,  M ic h e l ,  C . a n d  B o l ,  A . (1 9 9 1 ) .  
" C o r r e c t i o n  f o r  s c a t t e r  u s i n g  a  d u a l  e n e r g y  w i n d o w  t e c h n i q u e  w i t h  a  
t o m o g r a p h  o p e r a t e d  w i t h o u t  s e p t a ."  IE E E  M e d ic a l  I m a g i n g  C o n f e r e n c e ,  3: 
1 5 6 9 -1 5 7 3 . S a n ta  F e , IE E E  ( P is c a ta w a y ,  N J).
G r o o to o n k ,  S ., S p in k s ,  T .J ., K e n n e d y ,  A .M ., B lo o m f ie ld ,  P .M .,  S a s h in ,  D . a n d  
J o n e s ,  T . (1 9 9 2 ). " T h e  p r a c t i c a l  i m p l e m e n t a t i o n  a n d  a c c u r a c y  o f  d u a l  w i n d o w  
s c a t t e r  c o r r e c t i o n  i n  a  N e u r o P E T  s c a n n e r  w i t h  t h e  s e p t a  r e t r a c t e d . "  IE E E  
M e d ic a l  I m a g in g  C o n f e r e n c e ,  2: 9 4 2 -9 4 4 . O r l a n d o ,  IE E E  ( P is c a ta w a y ,  N J) .
G u z z a r d i ,  R ., B e i l in a ,  C ., K n o o p ,  B ., J o r d a n ,  K ., O s te r t a g ,  H . ,  R e is t ,  H . ,  S p in k s ,  
T ., e t  a l .  (1 9 9 1 ) . " M e t h o d o l o g i e s  f o r  p e r f o r m a n c e  e v a l u a t i o n  o f  p o s i t r o n  
e m i s s i o n  t o m o g r a p h s . "  I N u c l  B io l M e d  35 : 1 4 1 -1 5 7 .
H a r r i s o n ,  R .,  H a y n o r ,  D . a n d  L e w e l l e n ,  T . (1 9 9 1 ). " D u a l  e n e r g y  w i n d o w  
s c a t t e r  c o r r e c t io n s  f o r  P E T ."  IE E E  M e d ic a l  I m a g in g  C o n f e r e n c e ,  3: 1 7 0 0 -1 7 0 4 . 
S a n ta  F e , IE E E  ( P is c a ta w a y ,  N J).
H i l t z ,  L .G . a n d  M c K e e , B .T . (1 9 9 4 ). " S c a t t e r  c o r r e c t io n  f o r  t h r e e - d i m e n s i o n a l  
P E T  b a s e d  o n  a n  a n a l y t i c a l  m o d e l  d e p e n d e n t  o n  s o u r c e  a n d  a t t e n u a t i n g  
o b je c t ."  P h y s  M e d  B io l 39: 2 0 5 9 -2 0 7 1 .
H o f f m a n ,  E .,  C u t l e r ,  P . ,  G u e r r e r o ,  T ., D ig b y ,  W . a n d  M a z z i o t t a ,  J. (1 9 9 1 ) . 
" A s s e s s m e n t  o f  a c c u r a c y  o f  P E T  u t i l i z i n g  a  3 -D  p h a n t o m  to  s i m u l a t e  t h e  
a c t i v i t y  d i s t r i b u t i o n  o f  1 8 F -F D G  u p t a k e  in  t h e  h u m a n  b r a i n . "  I C e r e b  B lo o d
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Flow M etab 11: A17-A25.
H o f f m a n ,  E .J ., C u t l e r ,  P .D .,  D ig b y ,  W .M . a n d  M a z z i o t t a ,  J .C . (1 9 9 0 ) . " 3 - D  
p h a n t o m  to  s i m u l a t e  c e r e b r a l  b l o o d  f l o w  a n d  m e ta b o l i c  i m a g e s  f o r  P E T ."  
IE E E  T r a n s  N u c l  S c i 37 (2 ): 6 1 6 -6 2 0 .
H o f f m a n ,  E .J ., G u e r r e r o ,  T .M ., G e r m a n o ,  G ., D ig b y ,  W .M . a n d  D a h lb o m ,  M .
(1 9 8 9 ). " P E T  s y s t e m  c a l ib r a t i o n  a n d  c o r r e c t io n s  f o r  q u a n t i t a t i v e  a n d  s p a t i a l l y  
a c c u r a t e  im a g e s ."  IE E E  T r a n s  N u c l  S c i 36 (1 ): 1 1 0 8 -1 1 1 2 .
H o f f m a n ,  E .J ., H u a n g ,  S .C ., P h e lp s ,  M .E . a n d  K u h l ,  D .E . (1 9 8 1 ). " Q u a n t i t a t i o n  
i n  p o s i t r o n  e m i s s i o n  t o m o g r a p h y :  4 . E f f e c t  o f  a c c i d e n t a l  c o i n c i d e n c e s . "  J  
C o m p u t  A s s i s t  T o m o g r  5(3): 3 9 1 -4 0 0 .
H o f f m a n ,  E .J . a n d  P h e l p s ,  M .E . (1 9 8 6 ) . " P o s i t r o n  e m i s s i o n  t o m o g r a p h y :  
p r i n c i p l e s  a n d  q u a n t i t a t i o n . "  P o s i t r o n  e m i s s i o n  t o m o g r a p h y  a n d  
a u t o r a d i o g r a p h y .  P r in c ip le s  a n d  a p p l i c a t i o n s  f o r  t h e  b r a i n  a n d  h e a r t .  P h e lp s ,  
M .E ., M a z z io t t a ,  J .C . a n d  S c h e lb e r t ,  H .R . N e w  Y o rk , R a v e n  P r e s s :  2 3 7 -2 8 6 .
H o l m e s ,  T .J . (1 9 8 3 ) . " P r e d i c t i n g  c o u n t  lo s s  i n  m o d e r n  p o s i t r o n  e m i s s i o n  
t o m o g r a p h y  s y s t e m s ."  IE E E  T r a n s  N u c l  S c i 30 (1 ): 7 2 3 -728 .
H o l t e ,  S ., E r ik s s o n ,  L . a n d  D a h lb o m ,  M . (1 9 8 9 ). " A  p r e l i m i n a r y  e v a l u a t i o n  o f  
t h e  S c a n d i t r o n ix  P C 1 0 4 8 -1 5 B  b r a i n  s c a n n e r . "  E u r  T N u c l  M e d  1 5 (1 1 ): 7 1 9 -7 2 1 .
H o v e r a t h ,  H . ,  K u e b le r ,  W ., O s t e r t a g ,  H . ,  D o l l ,  J ., Z ie g le r ,  S ., K n o p p ,  M . a n d  
L o r e n z ,  W . (1 9 9 3 ). " S c a t t e r  c o r r e c t io n  in  t h e  t r a n s a x ia l  s l ic e s  o f  a  w h o l e - b o d y  
p o s i t r o n  e m is s io n  t o m o g r a p h . "  P b v s  M e d  B io l 38: 7 1 7 -7 2 8 .
H u a n g ,  S .-C ., C a r s o n ,  R ., P h e lp s ,  M .E ., H o f f m a n ,  E .J., S c h e lb e r t ,  H . a n d  K u h l ,  
D . (1 9 8 1 ) . " A  b o u n d a r y  m e t h o d  f o r  a t t e n u a t i o n  c o r r e c t i o n  i n  p o s i t r o n  
e m i s s i o n  t o m o g r a p h y . "  IE E E  T r a n s  N u c l  S c i 22: 6 2 7 -6 3 7 .
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H u a n g ,  S .C ., H o f f m a n ,  E .J ., P h e lp s ,  M .E . a n d  K u h l ,  D .E . (1 9 7 9 ). " Q u a n t i t a t i o n  
i n  p o s i t r o n  e m i s s i o n  t o m o g r a p h y :  2 . E f f e c t  o f  i n a c c u r a t e  a t t e n u a t i o n  
c o r r e c t io n ."  I  C o m p u t  A s s i s t  T o m o g r  3 (6 ): 8 0 4 -8 1 4 .
J a s z c z a k ,  R .J ., G r e e r ,  K .L ., F lo y d ,  C .E ., H a r r i s ,  C .G . a n d  C o le m a n ,  R .E . (1 9 8 4 ). 
" I m p r o v e d  S P E C T  q u a n t i t a t i o n  u s i n g  c o m p e n s a t i o n  f o r  s c a t t e r e d  p h o t o n s . "  
1 N u c l  M e d  25: 8 9 3 -9 0 0 .
J e a v o n s ,  A ., K u h l ,  IC , L e e , G ., T o w n s e n d ,  D ., F r e y ,  P . a n d  D o n a t h ,  A . (1 9 8 0 ). 
" A  p r o p o r t i o n a l  c h a m b e r  p o s i t r o n  c a m e r a  f o r  m e d ic a l  i m a g i n g . "  N u c l  I n s t r  
M e t h  1 7 6 (1 ,2 ): 8 9 -9 7 .
J o n e s ,  A .,  C u n n i n g h a m ,  V ., H a - K a w a ,  S ., F u j iw a r a ,  T ., L u t h r a ,  S ., S i lv a ,  S ., 
D e r b y s h i r e ,  S ., e t  a l. (1 9 9 4 ). " C h a n g e s  i n  c e n t r a l  o p i o d  r e c e p t o r  b i n d i n g  i n  
r e l a t i o n  t o  i n f l a m m a t i o n  a n d  p a i n  i n  p a t i e n t s  w i t h  r h e m a t o i d  a r t h r i t i s . "  B r  
1 R h e u m a t o l  33 : 9 0 9 -9 1 6 .
J o n e s ,  A . a n d  D e r b y s h i r e ,  S. (1 9 9 4 ). "P E T  a s  a  t o o l  f o r  u n d e r s t a n d i n g  t h e  
c e r e b r a l  p r o c e s s i n g  o f  p a in ."  P r o g r e s s  i n  p a i n  r e s e a r c h  a n d  m a n a g e m e n t . 
B o iv ie ,  J ., H a n s s o n ,  P . a n d  L in d b lo m ,  U . S e a t t le ,  IA S P  P r e s s .  3.
J o n e s ,  W .F .,  C a s e y ,  M .E ., B y a r s ,  L .G . a n d  B u r g is s ,  S .G . (1 9 8 6 ). " A  V M E b u s  
b a s e d ,  r e a l  t i m e  s o r t e r  d e s i g n  f o r  p o s i t r o n  e m i s s i o n  t o m o g r a p h y . "  IE E E  
T r a n s  N u c l  S ci 3 3 (1 ): 6 0 1 -6 0 4 .
J o n e s ,  W .F .,  D ig b y ,  W .M .,  L u k ,  W .K .,  C a s e y ,  M .E . a n d  B y a r s ,  L .G . (1 9 9 2 ). 
" O p t i m i z i n g  r o d  w i n d o w  w i d t h  i n  p o s i t r o n  e m i s s i o n  t o m o g r a p h y . "  IE E E  
M e d ic a l  I m a g i n g  C o n f e r e n c e .  O r l a n d o .
K a r p ,  J. a n d  M u e h l l e h n e r ,  G . ( 1 9 9 1 ) .  " S t a n d a r d s  f o r  p e r f o r m a n c e  
m e a s u r e m e n t s  o f  P E T  s c a n n e r :  e v a l u a t i o n  w i t h  t h e  U G M  P E N N - P E T  2 4 0 H
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s c a n n e r . "  M e d  P r o g r e s s  t h r o u g h  T e c h  17: 1 7 3 -1 8 7 .
K e n n e d y ,  A . (1 9 9 4 ). " T h e  h e t e r o g e n e i t y  o f  f a m i l i a l  A l z h e i m e r 's  d i s e a s e :  a  
c l i n i c a l  a n d  p o s i t r o n  e m i s s i o n  t o m o g r a p h i c  s t u d y "  M .D .  d i s s e r t a t i o n ,  
U n i v e r s i t y  o f  L o n d o n .
K e n n e d y ,  A . ,  F r a c k o w i a k ,  R ., N e w m a n ,  S ., B lo o m f ie ld ,  P . ,  S e a w a r d ,  J ., 
R o q u e s ,  P . ,  L e w i n g t o n ,  G .,  e t  a l .  (1 9 9 5 ) . " D e f i c i t s  i n  c e r e b r a l  g l u c o s e  
m e t a b o l i s m  d e m o n s t r a t e d  b y  P E T  i n  i n d i v i d u a l s  a t  r i s k  o f  f a m i l i a l  
A l z h e i m e r 's  d i s e a s e ."  N e u r o s c i e n c e  L e t t e r s  1 8 6 : 17-20 .
K i n a h a n ,  P . a n d  K a r p ,  J. (1 9 9 2 ) . " D e t e r m i n i n g  w h e n  3 D  r e c o n s t r u c t i o n  
m e t h o d s  a r e  r e q u i r e d  i n  v o l u m e  P E T  i m a g i n g . "  IE E E  N u c l e a r  S c ie n c e  
S y m p o s i u m  a n d  M e d ic a l  I m a g in g  C o n f e r e n c e :  9 0 4 -9 0 6 . O r l a n d o ,  F L .
K i n a h a n ,  P .E . a n d  R o g e r s ,  J .G . (1 9 8 9 ). " A n a l y t i c  3 -D  im a g e  r e c o n s t r u c t i o n  
u s i n g  a l l  d e t e c t e d  e v e n t s ."  IE E E  T r a n s  N u c l  S c i N S -3 6 : 9 6 4 -9 6 8 .
K in g ,  M .A . ,  H a d e m e n o s ,  G .J . a n d  G l ic k ,  S .J. (1 9 9 2 ) . " A  d u a l - p h o t o p e a k  
w i n d o w  m e t h o d  f o r  s c a t t e r  c o r r e c t io n ."  I  N u c l  M e d  33: 6 0 5 -6 1 2 .
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